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PREFACE 
I I A S A ' s  Energy Systems Program i s  d i rec ted  
towarus g lobal  and long-term aspects  of the  energy 
problem, e s p e c i a l l y  those 'problems a r i s i n g  from 
the t r a n s i t i o n  from energy supply systems based on 
f o s s i l  f u e l  resources t o  one based on resources 
capable of supplying l a r g e  amounts of energy more 
or l e s s  i n d e f i n i t e l y .  The Energy Systems Program 
is making severa l  d e t a i l e d  s t u d i e s  of major 
opt ions  for  supplying energy on a  l a r g e  s c a l e ,  
such a s  nuclear ,  s o l a r  and coal .  I t  is 
recognised, however, t h a t  one major option alone 
may not  be s u f f i c i e n t  t o  supply a l l  the  energy 
t h a t  w i l l  be required and t h a t  other c o n s t r a i n t s ,  
a p a r t  from the a v a i l a b i l i t y  of raw energy 
resources ,  may be c r u c i a l  i n  making the t r a n s i t i o n  
smoothly. These c o n s t r a i n t s  a re  imposed by the  
socioeconomic system and by the environment. 
Recognising tne system nature  of the  energy 
problem, a  s e t  of models has been developed w i t h i n  
tne dnergy Systems Program t o  p r o v i ~ e  a  
comprehensive and c o n s i s t e n t  framewor~ w i t h  which 
t o  examine the c e n t r a l  f indings  o i  the  ina iv iaua l  
s t u d i e s .  
'i'ne desc r ip t ion  which follows i s  a  statement 
o r  the  mathematical s t r u c t u r e  of one of the  
c e n t r a l  bui lding s tones  of the modelling e f f o r t ,  
namely MESSAGE: a  model for energy supply systems 
and t h e i r  gener a1 environmental impact. MESSAGE 
i s  a  dynamic l i n e a r  programme which a l l o c a t e s  
energy conversion processes  t o  transform raw 
energy resources i n t o  a  form s u i t a b l e  for  f i n a l  
demana . 
Tne r e s u l t s  of model runs w i l l  be presented 
i n  a  number of other  r epor t s  deal ing w i t h  
indiv iaual  worla regions and s p e c i f i c  problems. 
T n i s  work i s  p a r t  of the  p r o j e c t  on the  
Comparison of Energy Options sponsored by the  
United Nations Environment Programme (UNEP)  and 
I I A S A .  
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SUMMAKY 
Tne o v e r a l l  o ~ j e c t i v e  o f  t h e  e n e r g y  s t r a t e g i e s  
m o u e l l i n g  e f t o r t  w i t n i n . t h e  IIASA1s Energy  Sys tems  Program 
is t o  c o n s t r u c t  a  set of  m u l t i r e g i o n a l  models  o f  t h e  world 
t o  a s s i s t  i n  t h e  a n a l y s i s  and e v a l u a t i o n  o f  r e g i o n a l  and 
g l o b a l  e n e r g y  s t r a t e g i e s  f o r  t h e  n e x t  1 5  t o  5b y e a r s .  
Tne e n e r g y  s y s t e m  o f  e a c h  wor ld  r e g i o n  is c h a r a c t e r i s e d  
by a  se t  o f  i n t e r r e l a t e d  models  e a c h  d e a l i n g  w i t h  a  
d i f f e r e n t  a s p e c t  o f  e n e r g y  s y s t e m s  a n a l y s i s .  These  i n c l u d e  
models  of 
- t h e  macroeconomy; 
- i n t e r - i n d u s t r y  p r o d u c t  f l o w s ;  
- e n e r g y  demanw; 
- p r i m a r y  e n e r g y  r e s o u r c e s ;  
- e n e r g y  s u p p l y  t e c h n o l o g i e s  and t h e i r  e n v i r o n m e n t a l  
i m p a c t ;  and of 
- t h e  d i r e c t  and i n d i r e c t  i n v e s t m e n t  and  
o p e r a t i o n a l  r e q u i r e m e n t s  o f  e n e r g y  s y s t e m s .  
A g l o b a l  b a l a n c e  model o f  i n t e r r e g i o n a l  t r a d e  i n  e n e r g y  
r e s o u r c e s  i s  unuer  p r e p a r a t i o n  f o r  l i n k i n g  t h e  set  of  
r e g i o n a l  mociels t o g e t n e r .  
T n e  p r e s e n t  paper  is c o n c e r n e d  w i t h  i t e m  5 above ,  
namely t n e  model NEsdAGE, a  Moael f o r  Energy Supp ly  System 
A l t e r n a t i v e s  and T i  ene era^ ~ n v i r o n m e n t a l  impact. 
- 
MESSAGC is f o r m u l a t e d  a s  a-dynamic l T n e a r  programme f o r  t h e  
compar i son  o f  new anu e x i s t i n g  s u p p l y  t e c h n o l o g i e s  f o r  t h e  
p r i m a r y  , s e c o n d a r y  and end-use c o n v e r s i o n  and d i s t r i b u t i o n  
o f  e n e r g y  t o  s a t i s f y  e a c h  o f  t h e  d i f f e r e n t  components  o f  a  
g i v e n  e n e r g y  demand. C o n s t r a i n t s  a r e  imposed by t h e  
a v a i l a b i l i t y  of p r i m a r y  e n e r g y  r e s o u r c e s  and t h e  c a r r y i n g  
c a p a c i t y  o f  t h e  env i ronmen t .  
MESSAGE is an i n s t r u m e n t  d e s i g n e d  t o  compare d i f f e r e n t  
e n e r g y  s u p p l y  and  end-use t e c h n o l o g i e s  and  t o  e x p l o r e  t h e  
- v i i  - 
consequences  of  p u r s u i n g  a  wide r a n g e  o f  p o s s i b l e  e n e r g y  
s u p p l y  s t r a t e g i e s  under v a r i o u s  a s s u m p t i o n s  c o n c e r n i n g  
- t h e  a v a i l a b i l i t y  o f  p r i m a r y  e n e r g y  s u p p l y ;  
- f u t u r e  e n e r g y  c o n v e r s i o n  t e c h n o l o g i e s ;  
- d i f f e r e n t  l e v e l s  of  e n e r g y  demand and 
end-use p a t t e r n s ;  
- e n v i r o n m e n t a l  c o n t r o l ;  and 
- c o n s e r v a t i o n  o f  energy.. 
The p u r p o s e  of  MESSAGE i n  p a r t i c u l a r ,  and o f  t h e  
m o d e l l i n g  e f f o r t  o f  t h e  Energy Sys tems Program i n  g e n e r a l ,  
is n o t  t o  make p r e d i c t i o n s  o r  f o r e c a s t s  b u t  t o  c l a r i f y  some 
o f  t h e  major  worldwide consequences  o f  t a k i n g  a 1  t e r n a t i v e  
e n e r g y  p o l i c y  c h o i c e s  a t  t h e  r e g i o n a l  and g l o b a l  l e v e l s .  
Al though t h e  model d e s c r i b e d  h e r e  was conceives a s  an  
i n t e g r a l  p a r t  o f  the  m u l t i r e g i o n a l  e n e r g y  s t u d y  of  t h e  
Energy Sys tems Program, i t  is a  c o n s i s t e n t  e n t i t y  wnich 
c o u l d  D e  used i n d e p e n d e n t l y  of  t n e  o t h e r  models  i n  
e v a l u a t i n g  t h e  ene rgy  s u p p l y  s t r a t e g i e s  o f  i n d i v i a u a l  
n a t i o n s .  
- v i i i  - 
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A .- Model f o r  Energy Supp ly  Sys tems  A l t e r n a t i v e s  and 
 heir - ~ e n e r a l  - ~ n v i T o n m e n t a i  ~ m p a c t  
1 INTRODUCTION 
- 
1.1 I I A S A 1 s  m u l t i r e g i o n a l  -- e v a l u a t i o n  of e n e r g y  s t r a t e g i e s  
The e x p e c t e d  i n c r e a s e s  i n  demand f o r  e n e r g y  and t h e  
i n e v i t a b l e  i n c r e a s e  i n  t h e  d i s c h a r g e s  o f  r e s i d u a l s  
a s s o c i a t e d  w i t h  i t s  s u p p l y ,  t h e  d e p l e t i o n  of  t r a d i t i o n a l  
r e s e r v e s  o f  p r i m a r y  e n e r g y  r e s o u r c e s  and t h e  i n t e n s i f i e d  
c a p i t a l  r e q u i r e m e n t s  o f  new e n e r g y  s u p p l y  t e c h n o l o g i e s  f o c u s  
o u r  i n t e r e s t  on t h e  need f o r  a  p l a n n i n g  i n s t r u m e n t  o r  model 
fo rming  a  c o n s i s t e n t  and comprehens ive  framework f o r  
a n a l y z i n g  a l t e r n a t i v e  e n e r g y  s y s t e m s  and t h e i r  impac t  on 
s o c i e t y  and t h e  env i ronmen t .  T h i s  is t h e  s e t t i n g  f o r  t h e  
e n e r g y  m o d e l l i n g  e f f o r t  o f  I IASA's  Energy Sys t ems  Program 
which is d i r e c t e d  a t  medium- t o  long- te rm (15  t o  50 y e a r s )  
a s p e c t s  of t h e  g l o b a l  e n e r g y  problem.  
The main o b j e c t i v e s  a r e  t o  d e v e l o p  a  c o n s i s t a n t  s e t  o f  
methods and p r o c e d u r e s  f o r  
- comparing g l o b a l  e n e r g y  o p t i o n s  and 
. -  e v a l u a t i n g  r e g i o n a l  1 e n e r g y  s t r a t e g i e s  o r  
p o l i c i e s  i n  view of  g l o b a l  and r e g i o n a l  
c o n s t r a i n t s .  
The s t r u c t u r e  o f  ' t h e  model app roach  is g i v e n  a s  
f o l l o w s :  The wor ld  i s  d i v i d e d  i n t o  a  s m a l l  number o f  r e g i o n s  
(be tween  s i x  and t e n )  r e f l e c t i n g  soc io-economic  and  
p o l i t i c a l  homogeni ty  and g e o g r a p h i c  l o c a t i o n .  The e n e r g y  
s y s t e m  of  e a c h  r e g i o n  is c h a r a c t e r i s e d  by a  s e t  o f  models  
The word " r e g i o n "  is used  i n  t h e  s p e c i a l  s e n s e  t o  mean a  
"wor ld  r e g i o n " ,  s u c h  a s  Nor th  America o r  Wes te rn  Europe ,  
and u s u a l l y  c o m p r i s e s  a  number o f  p o l i t i c a l  s t a t e s .  But  
t h e  word " r e g i o n "  is n o t  a  s u b s t i t u t e  f o r  " c o n t i n e n t "  
s i n c e  a  r e g i o n  is r e q u i r e d  t o  be more o r  less 
homogeneous on a  soc io-economic  and p o l i t i c a l  b a s i s  and 
is  n o t  n e c e s s a r i l y ,  b u t  d e s i r a b l y ,  g e o g r a p h i c a l l y  
c o n t i g u o u s .  Thus " r e g i o n a l  s t r a t e g y "  a l s o  h a s  a  s p e c i a l  
meaning o f  b e i n g  t h e  a g g r e g a t e  " s t r a t e g y "  o f  i n d i v i d u a l  
s t a t e s .  
-relating to different aspects of the energy problem. A 
global balance model, using a gaming approach to model 
interregional trade in energy resources, is being prepared 
to link each set of regional models. 
The "family" of models used to characterise each 
region's energy system comprises 
1 A macroeconomic model describes the long-term 
development o f t h e  economic structure and 
simulates the evolution of aggregate economic 
indicators, such as gross national product and 
capital investment, over the next 50 years. 
2 An input/output - -- model, which takes its exogenous 
input from the macroeconomic model, ensures 
internal consistency of operation among various 
production sectors in the modelling scheme and 
provides information on the development of 
various industrial sectors in particular and 
-economic growth in general. 
3 An energy demand model, which uses the output of 
the macroeconomic and input/output models but 
also takes account of the climate of the region, 
the life-style of the population the industrial 
structure of the economy and the technical 
efficiences of energy end-use, is used to 
estimate the component parts of future energy 
demand. 
4 A resource model - sets out for each region 
estimates of the reserves that could be 
exploited at various cost2 levels, location and 
quality, taking account of probable future 
resource discoveries. 
5 An energy supply - and -- environmental *act --- mode1 
which compares alternative technological systems 
- - - 
for the primary and secondary conversion, 
distribution and end-use of energy in order to 
satisfy each of the different components of a 
given useful energy demand. Exogenous input is 
given by the resource model (item 4) and the 
demand model (item 3). 
2 The word "cost" rather than "pricen is used 
deliberately. Although measured in monetary units, it 
is a surrogate for inputs of labour, materials and 
capital rather than for market price. 
6 An economic impact model -- which ( a )  i d e n t i f i e s  
the d i r e c t  a x  ind i rec t  investment and 
operat ional  requirements of a given energy 
s t ra tegy  and (b)  examines what res t ruc tur ing  of 
the economy might be necessary. 
The r e l a t i ons  between these models are  shown 
schematically i n  Figure 1. An i t e r a t i v e  solut ion of the s e t  
of models is c l ea r ly  implied both between and w i t h i n  
regions. 
THE MACROECONOMY 
'MACRO" 
INPUTIOUTPUT 
ANALYSIS 
"INTERLINK" 
+ Y 
ENERGY DEMAND 
'MUSEIMEDEE" 
+ 
DIRECT & INDIRECT ENERGY SUPPLY & 
ECONOMIC IMPACTS - CONVE RSlON 
'IMPACT" 'MESSAGE" 
. IMPORTED 
' RESOURCES 
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COMPARISON OF OPTIONS 
STRATEGIES 
GLOBAL AGGREGATION I 
GLOBAL TRADE 
Figure 1 . A pro f i l e  of the I I A S A  s e t  of energy models for 
a  region 
1 . 2  The e n e w  s u p p Q  sys t em 
- -- 
MESSAGE, t h e  s u b j e c t  of  t h e  r e s t  o f  t h i s  p a p e r ,  is a  
dynamic l i n e a r  programme f o r  comparing a l t e r n a t i v e  e x i s t i n g  
and new e n e r g y  s u p p l y  t e c h n o l o g i e s  f o r  t h e  p r i m a r y  and 
s e c o n d a r y  c o n v e r s i o n ,  d i s t r i b u t i o n  and  end-use of  e n e r g y  i n  
o r d e r  t o  s a t i s f y  e a c h  of  t h e  d i f f e r e n t  components o f  a g i v e n  
u s e f u l  e n e r g y  demand. C o n s t r a i n t s  a r e  imposed by t h e  
a v a i l a b i l i t y  o f  p r imary  e n e r g y  r e s o u r c e s  a t  v a r i o u s  cost  
l e v e l s  and by t h e  c a r r y i n g  c a p a c i t y  o f  t h e  env i ronmen t .  
A d d i t i o n a l  c o n s t r a i n t s  impose l i m i t s  on t h e  speed  o f  marke t  
p e n e t r a t i o n  o f  new t e c h n o l o g i e s  and t h e  r a t e  o f  d e c l i n e  of  
e x i s t i n g  t e c h n o l o g i e s  where t h i s  r a t e  o f  d e c l i n e  migh t  p o s e  
s o c i a l  p rob lems .  MESSAGE f i n d s  a  c o s t  o p t i m a l  s o l u t i o n  f o r  
a c h i e v i n g  a  smooth t r a n s i t i o n  from a n  e n e r g y  s y s t e m  based  on 
s c a r c e  f o s s i l  r e s o u r c e s  t o  one  t h a t  i s  based on p r i m a r y  
e n e r g y  r e s o u r c e s  and t h a t  is c a p a b l e  o f  s u p p l y i n g  v e r y  l a r g e  
amounts  of  e n e r g y  more o r  less  i n d e f i n i t e l y .  But  it c a n  
a l s o  be u s e d ,  f o r  example,  t o  e x p l o r e  t h e  consequences  o f  
imposing more s t r i n g e n t  c o n t r o l s  on t h e  l e v e l  of  
e n v i r o n m e n t a l  impact  o f  t h e  e n e r g y  s u p p l y  sys t em o r  t o  
examine t h e  p o t e n t i a l  o f  new t e c h n o l o g i e s  t o  f i n d  o u t  a t  
what  c o s t  s t r u c t u r e  t h e y  become c o m p e t i t i v e .  
Most models  have f a m i l y  c o n n e c t i o n s .  The g r a n d f a t h e r  
o f  MESSAGE was t h e  Hdfele/Manne model [l] and a  number of 
b r o t h e r s  and s i s t e r s  e x i s t  a t  IIASA [ 2 , 3 ]  . The p r e s e n t  
v e r s i o n  is more a m b i t i o u s  t h a n  i ts  p r e d e c e s s o r s ,  
i n c o r p o r a t i n g  s e v e r a l  improvements and  e x t e n s i o n s .  We have  
grouped  t h e s e  e x t e n s i o n s  below under  two h e a d i n g s ,  namely 
MESSAGE I and MESSAGE 11. The f i r s t  g roup  c o n s i s t s  of  
e x t e n s i o n s  t h a t  a r e  a l r e a d y  f u l l y  o p e r a t i o n a l  whereas  t h e  
second  g r o u p  r e f e r s  t o  e x t e n s i o n s  t h a t  a r e  i n  v a r i o u s  s t a g e s  
o f  deve lopment .  3 
MESSAGE I 
- a  g r e a t e r  number of  c e n t r a l  s t a t i o n  s u p p l y  
t e c h n o l o g i e s ;  
- t h e  a d d i t i o n  o f  a n  o p t i o n a l  number ( u s u a l l y  
between t h r e e  and s i x )  o f  r e s o u r c e  c a t e g o r i e s  
d i s t i n g u i s h i n g  between e x t r a c t i o n  c o s t s  and  
l o c a t i o n  and qua.1 i t y  of  d e p o s i t s ;  
3 We w i l l  e l a b o r a t e  on t h e  d i f f e r e n c e  between MESSAGE I 
and MESSAGE I1 i n  more d e t a i l  l a t e r  i n  t h e  p a p e r .  
- the explicit consideration of load demand 
curves, derived from the daily and seasonal 
variation of demand, for electricity, space heat 
and air conditioning; 
- the inclusion of the possibility of variable 
joint production of district heat and 
electricity; 
- the explicit consideration of price-induced 
conservation of energy; 
- the calculation of residual discharges to the 
environment and the possiblity of constraining 
these emissions; 
- the introduction of abatement technologies for 
reducing residual discharges; 
- increased programme flexibility. 
MESSAGE I1 
- a partitioning of the population according to 
population and energy density allowing for a 
more satisfactory treatment of end-use of energy 
and environmental impacts; 
- the introduction of end-use technologies; 
- a detailed consideration of environmental 
impacts. 
1.3 Model objectives and limitations 
- -- -
During the last few years, numerous models of the 
energy system have been developed with widely varying 
objectives and based on various methodological approaches 
14-81 . A good overview is given in a series of IIASA 
reports reviewing energy models [9-111. 
Which methodological approach is finally selected is 
governed by the sort of questions one wishes to answer but 
also by the system being modelled. The supply of energy 
does not often occur under conditions that characterise the 
operation of the perfect market of the classical 
economists - which assumes a large number of independent 
actors in both supply and demand sectors. Rather the 
structure of the energy supply system is the result of a few 
crucial and far reaching decisions taken at governmental or 
supra-national level. 
MESSAGE is concerned with the problem of allocating 
resources, materials and manpower to satisfy a given future 
energy demand without inflicting intolerable damage on man's 
environment. For this reason it seemed appropriate to 
formulate this important building stone in the multiregional 
energy study of IIASA's Energy Systems Program as a linear 
programme. Since the major concern of the study is with the . 
medium- to long-term 'aspects of the energy problem, 
especially those related to achieving a smooth transition 
from present energy systems based on (relatively) cheap 
fossil resources to systems capable of supplying large 
amounts of energy more or less indefinitely, a dynamic 
optimisation model was constructed. For a given set of 
estimates of primary energy resource levels and future 
energy demands, and given assumptions on the availability of 
conversion technologies, etc., MESSAGE determines one 
solution which is an optimal allocation of available 
resources and technologies to satisfy energy demand. But 
the modelling process starts rather than ends with the first 
optimal solution. By changing the assumptions and/or the 
estimates, many possible energy supply alternatives can be 
investigated. The name of the game is not prediction but 
rather the exploration of alternative energy futures. 
To summarise: The aim of MESSAGE is to serve as an 
instrument in exploring the consequences of a wide range of 
possible energy futures; in other words, to examine the 
level and timing of direct capital requirements and the 
environmental implications of adopting any one of a number 
of possible energy supply systems under varying assumptions 
on : 
- the availability of primary e'nergy supplies; 
- present and future energy conversion 
technologies; 
- different levels of demand and end-use patterns; 
- environmental control; and 
- conservation of energy; 
as well as to show -- what decisions must be taken and when in 
order to implement a number of possible (or, in the 
terminology of linear programming, feasible) alternative 
energy strategies. 
Each model is necessarily a much simplified reflection 
of the real system being simulated. It is necessary to 
strike a compromise between the things one would like to 
include in a model and the amount of research potential and 
data available. Since the energy system interacts with 
every facet of man's life the compromise is particularly 
difficult for energy modellers. Some hard questions must be 
asked on the sort of information that the model is intended 
to produce. Below we list some of the more important issues 
that MESSAGE should help to answer, followed by some of the 
questions which lie outside the scope of MESSAGE (but not 
necessarily outside the wider context of the family of 
models in IIASA's Energy Systems Program). 
Some ~ e s t i o n s  MESSAGE should help to answer: 
- What is the optimal timing for the 
implementation of new energy supply 
technologies? 
- What is the future potential of clean energy, 
such as electrolysis, liquefaction and 
gasification of coal and large-scale solar 
technologies? 
- To what extent can soft options such as wind 
power and local applications of solar power 
help? 
- What constraints does the environment impose on 
the "optimal" energy strategy? 
- What are the direct capital requirements of 
different energy supply strategies? 
- What is the appropriate role of nuclear energy 
in the future supply of energy? 
- What are the ranges of possible mixes of the 
long-term energy/delivery options? 
- To what extent will or could changing end-use 
patterns improve the overall efficiency of the 
energy system? 
- What d o e s  a  d e c r e a s e  i n  i m p o r t  dependency c o s t ?  
Q u e s t i o n s  t h a t  l i e  o u t s i d e  t h e  s c o p e  of  MESSAGE: 
--- - --- . -
- What a r e  t h e  i m p a c t s  of d i f f e r e n t  e n e r g y  s u p p l y  
s t r a t e g i e s  on t h e  economy? 
- Is a  z e r o  growth  o f  e n e r g y  demand d e s i r a b l e ?  
- Are s m a l l - s c a l e  s o f t  t e c h n o l o g i e s  r e a l l y  
b e a u t i f u l ?  
- What w i l l  t h e  development  o f  wor ld  o i l  p r i c e s  
be ? 
- To what e x t e n t  w i l l  t h e  e x p e c t e d  p r i c e  r i ses  o f  
d e l i v e r e d  e n e r g y  change  l i f e - s t y l e s ?  
2 DESCRIPTION OF THE MODEL 
- ---  
MESSAGE i s  a  dynamic l i n e a r  programme f o r  comparing 
a l t e r n a t i v e  e x i s t i n g  and new e n e r g y  s u p p l y  t e c h n o l o g i e s  f o r  
t h e  p r i m a r y  and s e c o n d a r y  c o n v e r s i o n ,  d i s t r i b u t i o n  and end-  
u s e  o f  e n e r g y  i n  o r d e r  t o  s a t i s f y  e a c h  o f  t h e  d i f f e r e n t  
components  of  a  g i v e n  u s e f u l  e n e r g y  demand. A g r a p h i c a l  
r e p r e s e n t a t i o n  o f  t h e  components o f  t h e  e n e r g y  s y s t e m  be ing  
model led  and i ts  b o u n d a r i e s  is shown i n  F i g u r e  2.  The model 
encompasses  t h e  f o l l o w i n g  a r e a s  o f  t h e  e n e r g y  sys tem:  
- p r i m a r y  e n e r g y  r e s o u r c e  consumpt ion  and 
t r a n s p o r t ;  
- c e n t r a l  s t a t i o n  c o n v e r s i o n ;  
- s e c o n d a r y  e n e r g y  t r a n s p o r t  and d i s t r i b u t i o n ;  
- d e c e n t r a l i s e d  c o n v e r s i o n  and f i n a l  u s e  of  
e n e r g y ;  and 
- d i s c h a r g e s  of  r e s i d u a l s  t o  and c o n s e q u e n t i a l  
impac t  on t h e  env i ronmen t  by e a c h  of  t h e  above  
a c t i v i t i e s .  
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modelled by MESSAGE 
1 I .  
Constraints are imposed by the availabilty of primary 
resources and various technological and normative 
requirements. These constraints can be summarised under the 
following headings: 
- 
1 I v v . I 
- energy supply and demand; 
- primary energy resources; 
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- technological  in t roduct ion  r a t e s ;  
- environmental impacts; and 
- c a p i t a l  a v a i l a b i l i t y .  
The main ob jec t ive  of the  model is t o  form a  cons i s t en t  
and comprehensive framework for  analysing a l l  of the major 
a l t e r n a t i v e  energy supply opt ions open t o  a  region i n  
s a t i s f y i n g  f u t u r e  energy demand. Especia l ly  the medium- t o  
long-term aspects  of the  energy supply problem a r e  placed i n  
the  foreground of the analys is .  The model is not designed 
t o  ca r ry  out  d e t a i l e d  appra i sa l  of minor modif icat ions of or 
improvements t o  e x i s t i n g  technologies,  nor a r e  we concerned, 
fo r  instance,  w i t h  r e l a t i v e  changes i n  demand fo r  the  
numerous grades of l i q u i d  f u e l  - except where t h i s  could 
have major environmental consequences. 
2 . 1  Model development 
- - - -- 
For obvious reasons it is not d e s i r a b l e  t o  take the  
most e l abora te  version of a  model fo r  t e s t  and t r i a l  runs. 
Also we f e e l  t h a t  for  gaining experience on how t h e  model 
r e a c t s  i t  is useful  t o  implement it i n  s t ages .  The 
development of MESSAGE, t he re fo re ,  has been divided i n t o  two 
major s t ages .  The f i r s t  s t age ,  MESSAGE I ,  t r a c e s  the  flow 
and conversion of the var ious forms of primary energy 
resources through the c e n t r a l  s t a t i o n  conversion processes 
i n t o  forms of secondary energy more s u i t a b l e  for  f i n a l  
consumption. T h u s  the  (exogenous) energy demand s e c t o r s  of 
MESSAGE I for  secondary energy a re :  
- e l e c t r i c i t y ;  
- d i s t r i c t  hea t ;  
- hydrogen; 
- c o a l ;  
- l i q u i d  f u e l s ;  
- gaseous f u e l s .  
An inventory is a l so  made of the  p o l l u t a n t s  discharged by 
the  c e n t r a l  s t a t i o n  conversion processes.  
MESSAGE I1 t a k e s  t h e  f l o w  o f  s e c o n d a r y  e n e r g y  t h r o u g h  
t h e  n e x t  s t a g e  of  t h e  e n e r g y  s u p p l y  s y s t e m ,  namely t h e  
t r a n s p o r t a t i o n ,  d i s t r i b u t i o n ,  d e c e n t r a l i s e d  c o n v e r s i o n  and 
f i n a l  u s e  of  e n e r g y  i n  s a t i s f y i n g  " u s e f u l  e n e r g y  demand" 4 . 
The exogenous  demand s e c t o r s  of  MESSAGE I1 a r e  s e g r e g a t e d  
i n t o  r e s i d e n t i a l  and commerc ia l ,  i n d u s t r i a l  and  t r a n s p o r t  
s e c t o r s  a s  shown i n  T a b l e  1. The u s e f u l  e n e r g y  demand o f  
t h e  r e s i d e n t i a l  and commercial  s e c t o r s  is u s e d  d i r e c t l y ,  
whe reas  t h e  i n d u s t r i a l  and t r a n s p o r t  s e c t o r s  a r e  f i r s t  
r e a g g r e g a t e d  t o  n o n s u b s t i t u t i o n a l  f i n a l  e n e r g y  demand. An 
i n v e n t o r y  is  made o f  t h e  d i s c h a r g e  of  p o l l u t a n t s  f rom t h e  
d e c e n t r a l i s e d  c o n v e r s i o n  t e c h n o l o g i e s  and a d d i t i o n a l l y ,  
t h e r e  i s  a  more d e t a i l e d  a n a l y s i s  o f  t h e  e n v i r o n m e n t a l  
i m p a c t s  o f  t h e  e n t i r e  e n e r g y  s u p p l y  sys t em.  
T a b l e  1 The e n e r g y  demand s e c t o r s  
r  e s i u e r l t i a l  anb  i n u u s t r i a l  
COilr~i~e i C l a 1  
t r a n s p o r t  
- ~ ~ a c c  r l ea t iny  - power - r o a d  
- ~ a t e r  n 2 a t i n q  - p r o c e s s  h e a t  - r a i l  
- a l r  c ~ n ~ l r i o n i n g  - f e e o  s t o c k  - a i r  
- o t n e r  u s e s  - s e a  
The f i r s t  s t a g e ,  MESSAGE I ,  is  a  c o n s i s t e n t  model i n  
i t s  own r i g h t  whereas  MESSAGE I1 is  o n l y  a n  e x t e n s i o n  of t h e  
f i r s t  s t a g e .  Toge the r  MESSAGE I and I1 form one  - c o h e r e n t  
model - namely t h e  model d e s c r i b e d  i n  t h i s  p a p e r .  The f i r s t  
s t a g e ,  MESSAGE I ,  h a s  a l r e a d y  been comple t ed  and a p p l i e d  t o  
t h e  a n a l y s i s  o f  a c t u a l  c a s e  s t u d i e s  whereas  t h e  s econd  
s t a g e ,  MESSAGE 11, i s  n o t  n o t  y e t  f u l l y  o p e r a t i o n a l .  A s  w e  
have  p o i n t e d  o u t  above ,  s t a g e  I e m p h a s i s e s  t h e  c e n t r a l  
s t a t i o n  c o n v e r s i o n  of  p r i m a r y  e n e r g y  r e s o u r c e s  whereas  
4 The t e r m  " u s e f u l  e n e r g y  demand" t h u s  r e f e r s  t o  t h e  
amount of  e n e r g y  r e q u i r e d  t o  p r o v i d e  a  l e v e l  o f  s e r v i c e  
t o  t h e  f i n a l  u s e r ,  e . g .  i n  m a i n t a i n i n g  a  warm room o r  t o  
vacuum-clean a  f l o o r .  The u s e f u l  e n e r g y  demand is  a  
d i r e c t  measure  o f  a  s o c i e t y ' s  need f o r  e n e r g y .  ( T h i s  
depends  i n  t u r n  on i n s u l a t i o n  s t a n d a r d s ,  c l i m a t e ,  l i f e -  
s t y l e s ,  p r o s p e r i t y ,  e t c )  . T h i s  and  o t h e r  working 
d e f i n i t i o n s  used  i n  t h i s  p a p e r  a r e  c o n t a i n e d  i n  t h e  
Appendix.  
s t a g e  I1 c o n c e n t r a t e s  o n  d e c e n t r a l i s e d  e n d - u s e  t e c h n o l o g i e s  
b u t  t h e  d i s t i n c t i o n  b e t w e e n  t h e  t w o  s t a g e s  is n e v e r t h e l e s s  
a n  a r b i t r a r y  o n e .  Message  I1 is n o t  t r e a t e d  a s  a s e p e r a t e  
p i e c e  o f  r e s e a r c h  w o r k .  R a t h e r ,  a s  s e c t i o n s  o f  t h e  
d e v e l o p m e n t  work  are  c o m p l e t e d ,  t h e y  a re  i n c l u d e d  i n  t h e  
o p e r a t i o n a l  m o d e l ,  w h i c h  t h u s  c o n t i n u o u s l y  g r o w s  i n  s i z e .  
F o r  t h i s  r e a s o n ,  it i s  d i f f i c u l t  t o  i n d i c a t e  a l w a y s  i n  t h e  
p a p e r  t h a t  p a r t  o f  t h e  d e s c r i p t i o n  w h i c h  r e f e r s  t o  MESSAGE I 
a n d  t h a t  w h i c h  r e f e r s  t o  MESSAGE 11. T h e  s i z e  o f  MESSAGE I 
a t  t h e  p r e s e n t  time v a r i e s  ( w i t h  m i n o r  m o d i f i c a t i o n s )  i n  t h e  
n e i g h b o r h o o d  o f  1 0 0 0  c o n s t r a i n t s  a n d  2000 v a r i a b l e s  when it 
is s e t  u p  w i t h  a time s t e p  o f  5  y e a r s  a n d  a 5 0  y e a r  p l a n n i n g  
h o r i z o n .  D e p e n d e n t  on  t h e  l e v e l  o f  a g g r e g a t i o n ,  t h e  
e x t e n s i o n  MESSAGE I1 would  i m p l y  a t  l e a s t  a d o u b l i n g  i n  t h e  
s i z e  o f  t h e  l i n e a r  programme.  
2 . 2  O u t l i n e  o f  t h e  p r e s e n t a t i o n  
-- - --- 
F o r  d e s c r i p t i v e  p u r p o s e s  MESSAGE c a n  b e  s u b d i v i d e d  i n t o  
t h r e e  m a j o r  s e c t i o n s  or m o d u l e s : 5  
- c e n t r a l  s t a t i o n  f u e l  a n d  e n e r g y  c o n v e r s i o n  
t e c h n o l o g i e s ;  
- t r a n s p o r t a t i o n ,  d i s t r i b u t i o n  a n d  f i n a l  
c o n s u m p t i o n  o f  e n e r g y ;  
- e n v i r o n m e n t a l  i m p a c t s .  
B e f o r e  t u r n i n g  t o  a d e t a i l e d  d e s c r i p t i o n  o f  t h e s e  t h r e e  
m o d u l e s ,  we i n t r o d u c e  a - s i m p l i f i e d  . . . --- m a t h e m a t i c a l  - . - - f o r m u l a t i o n  
o f  t h e  l i n e a r  programme t h a t  w i l l  h e l p  t o  i l l u s t r a t e  t h e  
general -- - s t r u c t u r e  - . - . o f  t h e  mode l  w i t h o u t  a t  o n c e  i n c l u d i n g  t o o  
much c o n f u s i n g  d e t a i l .  
A number o f  i m p o r t a n t  p o i n t s ,  s u c h  a s  t h e  n u c l e a r  f u e l  
c y c l e  a n d  t h e  l o a d  demand r e g i o n s  f o r  e l e c t r i c i t y  a n d  s p a c e  
h e a t i n g  d e m a n d ,  w i l l  n o t  b e  t o u c h e d  on  i n  t h e  s i m p l i f i e d  
I n  c a l l i n g  e a c h  o f  t h e s e  t h r e e  s e c t i o n s  a m o d u l e  we d o  
n o t  mean t o  i m p l y  a n y  s e n s e  o f  i n d e p e n d e n c e  b e t w e e n  
them.  T h e  m o d u l e s  are  c o m p l e t e l y  i n t e r d e p e n d e n t  a n d  
t o g e t h e r  f o r m  o n e  l i n e a r  programme.  The  a r b i t r a r y  
d i v i s i o n  o f  MESSAGE I and  I1 d o e s  n o t  e x a c t l y  c o r r e s p o n d  
t o  t h e  a b o v e  d i v i s i o n  b u t  MESSAGE I d o e s  c o n t a i n  t h e  
w h o l e  o f  t h e  c e n t r a l  s t a t i o n  c o n v e r s i o n  m o d u l e .  
d e s c r i p t i o n .  These  and  o t h e r  t o p i c s  i n c l u d i n g  a  d e t a i l e d  
c o n s i d e r a t i o n  of  t h e  p o s s i b i l i t i e s  f o r  d i s t r i c t  h e a t i n g ,  
t r a n s p o r t a t i o n  and d i s t r i b u t i o n  of  e n e r g y  and e n v i r o n m e n t a l  
i m p a c t s  w i l l  be d i s c u s s e d  s e p a r a t e l y  i n  t h e  f o l l o w i n g  
s e c t i o n s .  
F i r s t ,  w e  w i l l  d e a l  w i t h  t h e  module o f  t h e  c e n t r a l  
c o n v e r s i o n  t e c h n o l o g i e s ,  d e s r i b i n g  t h e  n u c l e a r  f u e l  c y c l e  
and e x p l a i n i n g  why i t  i s  n e c e s s a r y  t o  model t h e  s e a s o n a l  
f l u c t u a t i o n s  of demand f o r  e l e c t r i c i t y ,  a i r  c o n d i t i o n i n g  and 
s p a c e  h e a t  ( t h e r e b y  i n t r o d u c i n g  t h e  p o s s i b i l t y  o f  o f f -peak  
p r o d u c t i o n ,  f o r  i n s t a n c . e ,  o f  hydrogen a s  a  s u b s t i t u t e  f o r  
f o s s i l - b a s e d  f u e l s ) .  I t  i s  a l s o  shown how t h e  c e n t r a l  
c o n v e r s i o n  module c a n  be e x t e n d e d  t o  model t h e  o p e r a t i o n  of 
t o  h y b r i d  p l a n t s  p r o d u c i n g  v a r i a b l e  p r o p o r t i o n s  o f  j o i n t  
p r o d u c t s  ( i . e .  e l e c t r i c i t y  and  d i s t r i c t  h e a t ) .  
A f t e r  t h i s  w e  d i s c u s s  i n  more d e t a i l  t h e  module 
c o v e r i n g  t h e  t r a n s p o r t a t i o n ,  d i s t r i b u t i o n  and end-use of 
s e c o n d a r y  e n e r g y .  I t  w i l l  be shown t h a t  it is n e c e s s a r y  t o  
d i s a g g r e g a t e  t h e  u s e f u l  e n e r g y  demand a c c o r d i n g  t o  t h e  
p o p u l a t i o n  (and t h u s  i m p l i c i t l y  t h e  e n e r g y  demand) d e n s i t y .  
T h i s  i s  r e q u i r e d  n o t  o n l y  f o r  c o n s i d e r t i o n  of t h e  v a r y i n g  
c o s t s  o f  t r a n s p o r t i n g  and d i s t r i b u t i n g  e n e r g y  b u t  a l s o  i n  
a s s e s s i n g  t h e  impac t  o f  e n e r g y  s u p p l y  s y s t e m s  on t h e  
env i ronmen t .  
The p r e s e n t a t i o n  of  t h e  e n v i r o n m e n t a l  impac t  module 
t h e n  c o n c l u d e s  t h e  m a t h e m a t i c a l  d e s c r i p t i o n  o f  t h e  s t r u c t u r e  
o f  MESSAGE. 
2 . 3  G e n e r a l  model s t r u c t u r e  
- ----- 
The r e g i o n a l  o r  n a t i o n a l  e n e r g y  s y s t e m  c a n  be 
c o n c e p t u a l i s e d  a s  a  network of  o p e r a t i o n s  and p r o c e s s e s  
t r a n s f o r m i n g  v a r i o u s  p r i m a r y  e n e r g y  s o u r c e s  i n t o  a  form of  
e n e r g y  more s u i t a b l e  f o r  f i n a l  u s e .  Each p r o c e s s  o r  
o p e r a t i o n  c a n  be viewed a s  a  " b l a c k  box" d e f i n e d  by i t s  
f l o w s  o f  i n p u t s  and o u t p u t s ,  b o t h  of  mass and e n e r g y ,  and of  
economic and e c o l o g i c a l  f a c t o r s ;  t h e  c h a r a c t e r i s a t i o n  of  a  
t e c h n o l o g y  is comple t ed  by i t s  u n i t  c a p i t a l  c o s t ,  
c o n s t r u c t i o n  time and  economic l i f e t i m e .  T h i s  is shown 
s c h e m a t i c a l l y  i n  F i g u r e  3 f o r  t h e  c a s e  of  t h e  g a s i f i c a t i o n  
of  c o a l  u s i n g  n u c l e a r  p r o c e s s  h e a t  from a  h i g h  t e m p e r a t u r e  
r e a c t o r .  
A c o n v e r s i o n  p r o c e s s  is  l i n k e d  t o  t h e  o v e r a l l  s y s t e m  by 
i t s  f l o w s  o f  e n e r g y  i n p u t s  and o u t p u t s .  Each p r i m a r y  e n e r g y  
r e s o u r c e  is  e i t h e r  c o n v e r t e d  i n t o  a  s e c o n d a r y  e n e r g y  form by 
a  c e n t r a l  s t a t i o n  c o n v e r s i o n  p r o c e s s  ( e .g .  c o a l  c o n v e r t e d  t o  
e l e c t r i c i t y )  o r  used  d i r e c t l y  a s  a  f u e l  by a  d e c e n t r a l i s e d  
INPUTS 
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COSTS 
total plant cod 420 . 1 0 8 $ l G ~  output 
commercial availability ear 2000 
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F i g u r e  3 A c o n c e p t u a l i s e d  view of  an e n e r g y  c o n v e r s i o n  
t e c h n o l a g y  
c o n v e r s i o n  o r  end-use t e c h n o l o g y  ( e .g .  c o a l  used  i n  open 
f i r e s  f o r  s p a c e  h e a t i n g ) .  Both s e c o n d a r y  e n e r g y  and t h a t  
p r o p o r t i o n  of  p r i m a r y  e n e r g y  n o t  c o n v e r t e d  i n  c e n t r a l  
s t a t i o n s  must t h e n  be t r a n s p o r t e d ,  d i s t r i b u t e d  and  c o n v e r t e d  
once  more by end-use d e v i c e s  i n  o r d e r  t o  s a t i s f y  t h e  u s e f u l  
e n e r g y  demand i n  t h e  r e s i d e n t i a l  and  commerc ia l ,  t h e  
t r a n s p o r t a t i o n  and t h e  i n d u s t r i a l  s e c t o r s .  
Be fo re  w e  can  s t a r t  w i t h  t h e  f o r m a l  m a t h e m a t i c a l  
d e s c r i p t i o n  it is n e c e s s a r y  t o  i n t r o d u c e  some g e n e r a l  p o i n t s  
on our  n o t a t i o n :  
- I n  o r d e r  t o  f o r m u l a t e  t h e  dynamic e q u a t i o n s  o f  
t h e  model t h e  t i m e  up t o  t h e  p l a n n i n g  h o r i z o n  is 
d i v i d e d  i n t o  n t  time i n t e r v a l s  ( 1 , 2 ,  . , t , . . , n t )  
e a c h  o f  l e n g t h  6t.  The c u r r e n t  time i n t e r v a l  o f  
any v a r i a b l e  w i l l  b e  deno ted  by ( t )  f o l l o w i n g  
t h e  v a r i a b l e  ( i . e .  x ( t )  ) .  When a l l  t h e  
v a r i a b l e s  i n  one c o n s t r a i n t  f a l l  i n  t h e  same 
t i m e  p e r i o d  t h e  " t "  w i l l  be  o m i t t e d  i f  no 
c o n f u s i o n  c o u l d  a r i s e .  
- I n  g e n e r a l ,  w e  t r y  t o  f o l l o w  t h e  u s u a l  
c o n v e n t i o n  t h a t  upper  c a s e  Roman l e t t e r s  d e n o t e  
m a t r i c e s  and lower  c a s e  Roman l e t t e r s  v e c t o r s .  
S c a l a r s  a r e  g e n e r a l l y  d e n o t e d  by Greek l e t t e r s  
e x c e p t  f o r  s u b s c r i p t s  o r  s u p e r s c r i p t s .  i and  j 
a r e  used  t o  i ndex  rows and co lumns ,  
r e s p e c t i v e l y ,  and m and n  g i v e  t h e  row and 
column d i m e n s i o n s .  
- A p a r t  f rom t h e  n o t a t i o n  se t  o u t  below, w e  do  n o t  
n e c e s s a r i l y  g i v e  any  un ique  meaning t o  o t h e r  
l e t t e r s  d e n o t i n g  c o e f f i c i e n t s  o r  v a r i a b l e s  b u t  
e x p l a i n  t h e  meaning o f  t h e  n o t a t i o n  used t o  
d e s c r i b e  e a c h  r e l a t i o n  a s  it o c c u r s  i n  t h e  t e x t .  
The most  i m p o r t a n t  a c t i v i t i e s  o f  t h e  model a r e  t h e n  
d e f i n e d  a s  f o l l o w s :  
x ( t )  is  a n  { n )  v e c t o r  r e p r e s e n t i n g  t h e  l e v e l  o f  
p r o d u c t i o n  measured i n  o u t p u t  u n i t s  o f  t h e  
s u p p l y  t e c h n o l o g i e s  ( t h e  " b l a c k  boxes"  
d e s c r i b e d  above )  i n  p e r i o d  ( t )  ; 
y ( t )  is  a n  { n )  v e c t o r  r e p r e s e n t i n g  t h e  a d d i t i o n a l  
c a p a c i t y  o f  x  ( t )  c r e a t e d  i n  p e r i o d  ( t )  ;
x ( t )  and Y ( t )  can  be p a r t i t i o n e d  t o  c o r r e s p o n d  t o  
c e n t r a l  f u e l  and e n e r g y  c o n v e r s i o n  and end-use 
p r o c e s s e s ,  i . e  
t h e  s u b v e c t o r s  b e i n g  o f  l e n g t h  np, ns and nu 
r e s p e c t i v e l y ; 6  
6  I n  t h e  d e t a i l e d  d e s c r i p t i o n  l a t e r  i n  t h e  p a p e r ,  w e  w i l l  
abandon t h i s  d i s t i n c t i o n  between x  and  xs s i n c e  MESSAGE 
d o e s  n o t  t r e a t  t h e s e  a c t i v i t i e s  # i f f e r e n t l y .  On t h e  
o t h e r  hand ,  xu i s  f u r t h e r  p a r t i t i o n e d  c o r r e s p o n d i n g  t o  
t h e  p o p u l a t i o n / e n e r g y  d e n s i t y  c l a s s e s  ment ioned  above  
and hand led  somewhat d i f f e r e n t l y  t h a n  i n  t h e  p r e s e n t  
s i m p l i f i e d  d e s c r i p t i o n .  To a v o i d  t h e  u s e  o f  t o o  many 
s u b s c r i p t s  and s u p e r s c r i p t s  w e  d e n o t e  xu by u  when 
d i s c u s s i n g  end-use  and e n v i r o n m e n t a l  i m p a c t s .  
r ( t )  i s  a n  {mr+n ) v e c t o r  o f  p r i m a r y  e n e r g y  
r e s o u r c e s ,  wkere m r  i s  t h e  number o f  d i f f e r e n t  
r e s o u r c e s  o r  fo rms  o f  p r i m a r y  e n e r g y  and nr  is  
t h e  number o f  r e s o u r c e  c a t e g o r i e s  (assumed 
e q u a l  f o r  e a c h  p r i m a r y  e n e r g y  s o u r c e  t o  
s i m p l i f y  t h e  e x p o s i t i o n )  a v a i l a b l e .  ( r  ( t )  c a n  
a l s o  be r e g a r d e d  a s  an {mrxnr) m a t r i x  R ( t )  ) ;  
z ( t )  is a n  {mu) v e c t o r  o f  u s e f u l  e n e r g y  demand; 
m r  r e f e r s  t o  t h e  number o f  t y p e s  o f  p r i m a r y  
r e s o u r c e s ;  
and  ms r e f e r  t o  t h e  number of d i f f e r e n t  fo rms  
mp of e n e r g y  produced  by t h e  c e n t r a l  s t a t i o n  
c o n v e r s i o n  o f  p r i m a r y  r e s o u r c e s  and  t h e  f u r t h e r  
c o n v e r s i o n  o f  s e c o n d a r y  e n e r g y  forms;  
mu r e f e r s  t o  t h e  e n e r g y  forms  p roduced  by end-use 
d e v i c e s ,  i . e .  t h e  number o f  u s e f u l  e n e r g y  
demand c a t e g o r i e s .  
The o b j e c t i v e  f u n c t i o n  
-- 
The o b j e c t i v e  f u n c t i o n  c a n  be s t a t e d  a s  t h e  
m i n i m i s a t i o n  o f  p r i m a r y  f u e l  c o s t s  p l u s  o p e r a t i n g  and 
m a i n t e n a n c e  c o s t s  ( e x c l u d i n g  f u e l )  f o r  e n e r g y  c o n v e r s i o n  
t e c h n o l o g i e s  p l u s  t h e  c o s t  o f  a d d i n g  a d d i t i o n a l  p r o d u c t i o n  
and c o n v e r s i o n  c a p a c i t y ,  e a c h  e l e m e n t  d i s c o u n t e d  o v e r  time. 
where  
$ ( t )  d e n o t e s  t h e  d i s c o u n t  f a c t o r ;  
b ,  c and  d  a r e  u n i t  c o s t  v e c t o r s  of p r i m a r y  e n e r g y  
s o u r c e s ,  o p e r a t i n g  and ma in t enance  and c a p i t a l  
c o s t s ,  r e s p e c t i v e l y ;  and t h e  s u b s c r i p t s  
p ,  s and  u  r e f e r  t o  ( p r i m a r y )  f u e l  p r o c e s s i n g ,  
( s e c o n d a r y )  e n e r g y  c o n v e r s i o n  and  end -use ,  
r e s p e c t i v e l y .  
Supp ly  - and demand c o n s t r a i n t s  
--- -- -- - . - 
The g e n e r a l  fo rm o f  t h e  s u p p l y  and demand c o n s t r a i n t s  
of t h e  e n e r g y  c o n v e r s i o n  t e c h n o l o g i e s  c a n  be i l l u s t r a t e d  i n  
t h e  f o l l o w i n g  way: 
T h i s  means t h a t ,  i n  g e n e r a l ,  t h e r e  i s  a  h i e r a r c h i c a l  p a t t e r n  
i n  t h e  s u p p l y  r e l a t i o n s h i p s ,  i . e .  " l o w e r "  a c t i v i t i e s  s a t i s f y  
t h e  demands o f  " h i g h e r "  a c t i v i t i e s ,  t h e  " h i g h e s t "  b e i n g  
t h o s e  a c t i v i t i e s  t h a t  s a t i s f y  t h e  f i n a l  demand v e c t o r  z .  
S i n c e  t h e  v a r i a b l e s  a r e  measured i n  u n i t s  o f  o u t p u t ,  t h e  A- 
s u b m a t r i c e s  c o n s i s t  o f  o n e s  and z e r o e s ,  whe reas  t h e  V- 
s u b m a t r i c e s  c o n t a i n  t h e  c o n v e r s i o n  r a t i o s  o f  t h e  
t e c h n o l o g i e s  ( i . e .  t h e  r e c i p r o c a l s  o f  t h e  e f f i c i e n c i e s )  and 
z e r o e s .  Thus V rp  is  a n  m r  x m is  a  m a t r i x  g i v i n g  t h e  
p r i m a r y  e n e r g y  r e s o u r c e  inpu! r e q u i r e m e n t s  o f  t h e  c e n t r a l  
f u e l  c o n v e r s i o n  p r o c e s s e s  i n  t h e  p r o d u c t i o n  o f  one  u n i t  o f  
t h e  main o u t p u t  o f  t h e  p r o c e s s e s .  
Resource  c o n s t r a i n t s  
- -- -- - --- - 
The c u m u l a t i v e  u s e  of a  p r i m a r y  e n e r g y  r e s o u r c e  
c a t e g o r y  mus t  be l e s s  t h a n  t h e  t o t a l  a v a i l a b l e  s u p p l y ,  t h u s  
where  
m r  is t h e  number o f  r e s o u r c e  t y p e s ;  and 
n r i  i s  t h e  number o f  c a t e g o r i e s  o f  r e s o u r c e  i. 
I n  MESSAGE I ,  o r  i n  o t h e r  words  f o r  t h e  p r e s e n t  
o p e r a t i o n a l  model ,  it h a s  been assumed t h a t  t h e  t o t a l  
a v a i l a b i l i t y  of r e s o u r c e s ,  t h e  r i g h t  hand s i d e  o f  e q u a t i o n  
3 ,  is c o n s t a n t  o v e r  time. 
C a p a c i t y  c o n s t r a i n t s  
The c a p a c i t y  o f  each  p r o c e s s  is g i v e n  by t h e  sum o f  t h e  
a d d i t i o n s  t o  c a p a c i t y  i n  t h e  p r e s e n t  and p r e v i o u s  p e r i o d s  
l y i n g  w i t h i n  a  t i m e  i n t e r v a l  less t h a n  o r  e q u a l  t o  t h e  
work ing  l i f e  o f  t h e  f a c i l i t y .  The a c t u a l  o u t p u t  o f  t h a t  
p r o c e s s  mus t  t h e n  be less  t h a n  o r  e q u a l  t o  t h e  c a p a c i t y  
times t h e  l o a d  f a c t o r .  
A d d i t i o n a l l y ,  i t  must  h o l d  t h a t  t h e . t o t a 1  c a p a c i t y  f o r  
s u p p l y i n g  e a c h  demand c a t e g o r y  be g r e a t e r  t h a n  o r  e q u a l  t o  
t h e  p r o j e c t e d  demand p l u s  some r e s e r v e  c a p a c i t y .  
T e c h n o l o g i c a l  i n t r o d u c t i o n  r a t e s  
-- -
I t  is n e c e s s a r y  t o  c o n s t r a i n  t h e  r a t e  a t  which a  new 
(and  u n t r i e d )  t e c h n o l o g y  c a n  be  implemented.  T h i s  is  n o t  
o n l y  n e c e s s a r y  w i t h  r e s p e c t  t o  t h e  r a t e  a t  which i n d u s t r y  
c a n  t o o l  up  t o  t h e  d i r e c t  and i n d i r e c t  r e q u i r e m e n t s  o f  t h e  
l a r g e - s c a l e  p r o d u c t i o n  o f  t h e  new t e c h n o l o g y ,  b u t  a l s o  t o  
a v o i d  l a r g e - s c a l e  f a i l u r e  of  e n e r g y  s b p p l y  c a u s e d  by 
p o s s i b l e  t e m p o r a r y  w i t h d r a w a l  o f  t h e  t e c h n o l o g y  d u e  t o  
u n f o r e s e e n  deve lopmen t  o r  o p e r a t i o n a l  p rob l ems .  T h i s  is 
a c h i e v e d  by t h e  c o n s t r a i n t  
where  
g i s  a  c o n s t a n t  v e c t o r  a l l o w i n g  f o r  an  i n i t i a l  
s t a r t - u p  c a p a c i t y ;  
Y is  a  c o n s t a n t  ( d e t e r m i n e d  e m p i r i c a l l y )  
r e f l e c t i n g  t h e  maximal i n t r o d u c t i o n  r a t e  o f  a  
new t e c h n o l o g y .  
E n v i r o n m e n t a l  c o n s t r a i n t s  
-- 
D i f f e r e n t  p o l l u t a n t s  e m i t t e d  by e n e r g y  c o n v e r s i o n  
p r o c e s s e s  have  v a r i o u s  k i n d s  o f  impac t  on t h e  e n v i r o n m e n t .  
Some p o l l u t a n t s  (which d e c a y  q u i c k l y )  on a f f e c t  o n l y  t h e  
l o c a l  env i ronmen t  (S02 ,  p a r t i c u l a t e s )  and  o t h e r s  ( l o n g - l i v e d  
r a d i o  n u c l e a r  p o l l u t a n t s ,  C02) have  a  g l o b a l  impac t .  The 
a m b i e n t  c o n c e n t r a t i o n s  o f  t h o s e  e m i s s i o n s  whose impac t  i s  a t  
t h e  l o c a l  l e v e l  a r e  c a l c u l a t e d  by a  s i m p l e  d i s p e r s i o n  model ;  
t h e s e  c o n c e n t r a t i o n s  a r e  t h e n  r e l a t e d  t o  p o p u l a t i o n s  by u s e  
o f  a  s i m p l e  model o f  u r b a n  p o p u l a t i o n  d i s t r i b u t i o n .  The 
i m p a c t  o f  e m i s s i o n s  whose  e f f e c t  is  g l o b a l  is e s t i m a t e d  by 
t h e  a p p l i c a t i o n  o f  d i l u t i o n  f a c t o r s .  S u p p o s e  t h e  l o c a l  
i m p a c t s  a r e  g i v e n  by t h e  v e c t o r  q l ( t )  a n d  t h e  g l o b a l  i m p a c t s  
by q g ( t ) ,  t h e n  t h e s e  c a n  e i t h e r  b e  c o n s t r a i n e d  b e l o w  some 
s t a n d a r d  l e v e l  
q l ( t )  ( s t a n d a r d l  ( t )  < - s t a n d a r d  ( 5 )  
o r  o p t i m i s e d  by t h e i r  i n c l u s i o n  i n  t h e  o b j e c t i v e  f u n c t i o n :  
M i n i m i s e  
"t 1 1 
i $ ( t )  ( e n e r g y  s u p p l y  c o s t s  + w l q l ( t )  + w g q g ( t ) )  
t= l  ( 6  
w h e r e  w i s  a  v e c t o r  o f  w e i g h t s  o f  t h e  e n v i r o n m e n t a l  i m p a c t s  
o f  t h e  p o l l u t a n t s .  
The  a b a t e m e n t  t e c h n o l o g i e s  a r e  d e a l t  w i t h  by e x p a n d i n g  
t h e  v e c t o r  o f  t e c h n o l o g i c a l  p r o c e s s e s  x  t o  i n c l u d e  
c o n t r o l l e d  t e c h n o l o g i e s  ( i . e .  t h e  n o r m a l  c o n v e r s i o n  
t e c h n o l o g y  p l u s  t h e  a b a t e m e n t  t e c h n o l o g y ) .  E i t h e r  
c o n s t r a i n i n g  or m i n i m i s i n g  t h e  l e v e l  o f  i m p a c t s  c o u l d  t h e n  
f o r c e  t h e  p o l l u t i o n - a b a t e d ,  a n d  more  e x p e n s i v e ,  t e c h n o l o g y  
i n t o  t h e  s o l u t i o n .  
C a p i t a l  ------ a v a i l a b i l i t y  
A d d i t i o n a l  c o n s t r a i n t s  a r e  r e q u i r e d  t o  e n s u r e  t h a t  t h e  
r a t e  o f  c a p i t a l  i n v e s t m e n t  i n  t h e  e n e r g y  sector  d o e s  n o t  
e x h i b i t  p e r i o d i c  p e a k s  r e l a t e d  t o  t h e  a v e r a g e  l i f e - c y c l e  o f  
a  d o m i n a n t  t e c h n o l o g y .  T h e s e  c o n s t r a i n t s  a r e  o f  t h e  
f o l l o w i n g  f o r m :  
w h e r e  4 is a  c o n s t a n t  w h i c h  would  a l l o w  f o r  a s l o w  d e c l i n e  
i n  o v e r a l l  i n v e s t m e n t  o n c e  a n  e q u i l i b r i u m  s t a t e  is 
a p p r o a c h e d  a t  which  t i m e  o n l y  r e p l a c e m e n t  i n v e s t m e n t  would  
be  n e c e s s a r y .  
2 .4  Central  s t a t i o n  f u e l  and energy conversion module 
- --- --- -- -- -- - 
The s t r u c t u r e  of the  c e n t r a l  s t a t i o n  conversion 
technology module is out l ined  i n  Figure 4 ,  which i l l u s t r a t e s  
the  flow of d i f f e r e n t  forms of primary energy resources 
through the  var ious conversion processes i n t o  forms of 
energy more s u i t a b l e  fo r  f i n a l  consumption. The c e n t r a l i s e d  
technologies  include both f u e l  and energy conversion 
technologies .  
Primary energy resources 
--- 
The present  version of the  model includes the  following 
primary energy resources:  
- crude o i l ;  
- coa l ;  
- n a t u r a l  gas;  
- uranium and thorium; 
- d i r e c t  use of s o l a r  r ad ia t ion ;  and 
- hydro; 
but it can e a s i l l y  be extended t o  include other  kinds of 
resources ,  e s p e c i a l l y  the  i n d i r e c t  use of s o l a r  energy, such 
a s  geothermal, waves, biomass or wind. 
Indigenous - -. resource ca tegor ies  
The cos t  of ex t rac t ing  primary energy resources and of 
making them a v a i l a b l e  t o  the  c e n t r a l i s e d  conversion 
technologies depends on the  loca t ion ,  q u a l i t y  and ex ten t  of 
t h e  depos i t s  and the d i f f i c u l t y  of e x t r a c t i n g  them. A t  any 
p a r t i c u l a r  poin t  i n  time and c o s t  l e v e l ,  t he re  is an upper 
l i m i t  t o  the  amount of a  primary resource of a  p a r t i c u l a r  
q u a l i t y  and loca t ion  which can be ext rac ted .  A s  time moves 
on, depos i t s  w i t h  low c o s t  c h a r a c t e r i s t i c s  become depleted 
and more expensive depos i t s  m u s t  be explored. B u t  new 
d i scover ie s  of depos i t s  a l s o  occur over t i m e ,  increasing the  
a v a i l a b i l i t y  of resources a t  a l l  l e v e l s  of c o s t  and q u a l i t y .  
The dynamic non-linear r e l a t i o n s h i p  between t h e  c o s t  of 
e x t r a c t i o n  and t h e  quan t i ty  of t h e  resource a v a i l a b l e  i n  
each time period i s  approximated i n  the  model by a  stepwise 
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Figure  4 S t r u c t u r e  of  t h e  c e n t r a l  s t a t i o n  convers ion 
technology module 
l i n e a r i s a t i o n .  An o p t i o n a l  number o f  r e s o u r c e  c a t e g o r i e s  is 
d e f i n e d  f o r  e a c h  p r i m a r y  e n e r g y  r e s o u r c e ,  e a c h  c a t e g o r y  
b e i n g  d e f i n e d  by i ts  c o s t  of e x t r a c t i o n ,  q u a l i t y  and 
l o c a t i o n .  
Suppose  t h a t  S i j ( t )  r e p r e s e n t s  t h e  t o t a l  a v a i l a b i l i t y  
o f  r e s o u r c e  i of  c a t e g o r y  j a t  t i m e  t 7 .  Then w e  c a n  w r i t e  
t h e  c o n s t r a i n t s  on t h e  c u m u l a t i v e  consumpt ion  o f  i n d i g e n o u s  
r e s o u r c e s  a s  f o l l o w s :  
I 
l i f m ,  
t 
- 
I 
d t  z r i j  (I3 * ( s i j ( t )  I j f n r  
t=1 I i 
l Irfn t 
where 
( 8  
r i  j ( t )  i s  t h e  a n n u a l  consumpt ion  o f  i n d i g e n o u s  
p r i m a r y  e n e r g y  r e s o u r c e  i o f  t h e  r e s o u r c e  
c a t e g o r y  j ;  
Bt is t h e  l e n g t h  o f  t h e  time p e r i o d  i n  y e a r s ;  
m r ,  n r i  and n t  a r e  t h e  number of  p r i m a r y  
r e s o u r c e  t y p e s ,  t h e  number of r e s o u r c e  
c a t e g o r i e s  o f  r e s o u r c e  i and t h e  number of 
t i m e  p e r i o d s  r e s p e c t i v e l y .  
When t = n t ,  t h e  l a s t  e q u a t i o n  i n  t h i s  se t  is 
I n  t h e  p r e s e n t  v e r s i o n  o f  MESSAGE I ,  o n l y  t h i s  l a s t  
e q u a t i o n  is i n c l u d e d  b u t ,  when r e f i n e m e n t s  t o  t h e  r e s o u r c e  
model a r e  c o m p l e t e ,  i t  w i l l  be p o s s i b l e  t o  i n c l u d e  t h e  
c o m p l e t e  s e t  o f  e q u a t i o n s  g i v e n  above.  S i n c e  it is 
r e a s o n a b l e  t o  e x p e c t  t h a t  some new r e s o u r c e s ,  a t  t h e  v e r y  
l e a s t ,  w i l l  be d i s c o v e r e d ,  t h e  v a l u e  o f  S i j ( n t )  used  f o r  
MESSAGE I i n c l u d e s  c o n s e r v a t i v e  e s t i m a t e s  o f  new d i s c o v e r i e s  
t h a t  a r e  l i k e l y  t o  be made up t o  t h e  p l a n n i n g  h o r i z o n .  T h i s  
i m p l i e s ,  o f  c o u r s e ,  a n  o v e r - e s t i m a t e  o f  t h e  r e s o u r c e s  
a v a i l a b l e  i n  t h e  e a r l i e r  p l a n n i n g  p e r i o d s .  
I n c l u d i n g  s e v e r a l  r e s o u r c e  c a t e g o r i e s  i n  t h e  model n o t  
o n l y  a l l o w s  u s  t o  t a k e  a c c o u n t  of  d i f f e r e n t  p r i m a r y  e n e r g y  
7  By d e f i n i t i o n  S i j  ( t ) -s is  (t-1) is  t h e  t o t a l  amount o f  t h e  
r e s o u r c e  d i s c o v e r e d  i n  $he p e r i o d  (t-1) t o  t. 
ex t rac t ion  c o s t s  b u t  a l s o  permits a  d i s t i n c t i o n  t o  be made 
between d i f f e r e n t  f u e l  q u a l i t i e s  (e.g. S O 2  con ten t )  and the  
geographic loca t ion  of resource depos i t s .  The l a t t e r  
d i s t i n c t i o n  is necessary i n  allowing fo r  the  c o s t s  of 
t ranspor t ing  primary energy resources t o  the  c e n t r a l  s t a t i o n  
conversion p l a n t s  (usual ly  s i t e d  near t o  l a r g e  urban 
c e n t r e s ) .  8 
Import -- - of primary resources 
The c o n s t r a i n t s  given above r e f e r  only t o  indigenous 
resources.  Many coun t r i e s ,  however, depend heavi ly on 
imported primary resources.  The Federal  Republic of 
Germany, France and Japan a re  e s p e c i a l l y  dependent 
(importing over 70% of t h e i r  f u e l  requirements) b u t  many 
developing coun t r i e s  a re  i n  a s imi la r  predicament. I t  is 
therefore  necessary t o  introduce add i t iona l  resource 
ca tegor ies  fo r  imported resources.  I n  p r a c t i c e ,  only one 
import category for  each f u e l  i is defined fo r  the  model b u t  
w i t h  a "cos t "  (or more accura te ly ,  w i t h  r e spec t  t o  imports, 
a  " p r i c e " )  which increases  over time ( t h i s  assumption is a 
pragmatic one but the re  a re  no t echn ica l  reasons,  r e l a t e d  t o  
the  s p e c i f i c a t i o n  o i  the  l i n e a r  programme, why it could not 
be relaxed. ) 
Let u s  suppose t h a t  
r i k ( t )  represent  the  annual r a t e  of consumption of 
resource i imported i n  time t ( i - e .  an 
( n r i + l ) t h  category is d e f i n e d ) ;  and 
k i  ( t )  be the  maximum " a v a i l a b i l i t y "  of an imported 
crude f u e l  i i n  each year;  
then 
r ik  ( t )  k i  ( t )  
A s  a f i r s t  round, k i ( t )  i s  estimated by a  scenar io  approach 
but t h i s  f i r s t  es t imate w i l l  be revised by the  i t e r a t i v e  
i n t e r a c t i o n s  of the  complete s e t  of models u n t i l  a balance 
of world t r ade  i n  energy resources is achieved. 
8 A caut ionary word should be added here:  The emphasis of 
MESSAGE is on the  opt ions which a re  ava i l ab le  i n  the  
conversion, d i s t r i b u t i o n  and end-use of energy ra the r  
than on the  a v a i l a b i l i t y  of n a t u r a l  resources.  
Increasing the  number of resource ca tegor ies  beyond 5 or 
6 would imply a  depth of d e t a i l  on the  resource s ide  
which MESSAGE was not  designed t o  handle. 
An o f t e n  s t a t e d  p o l i c y  g o a l  o f  e n e r g y  p l a n n e r s  is t o  
r e d u c e  o r  l i m i t  t h e  dependency of  a  r e g i o n  on impor t ed  
e n e r g y .  I t  i s  i m p o r t a n t  t o  be aware o f  t h e  consequences  o f  
f o l l o w i n g  such  g o a l s .  By i n c l u d i n g  c o n s t r a i n t s  on  t h e  l e v e l  
o f  impor ted  e n e r g y ,  a n  e s t i m a t e  o f  t h e  " c o s t "  o f  a c h i e v i n g  
t h e s e  g o a l s  is g i v e n  by t h e  c o r r e s p o n d i n g  shadow p r i c e s .  
T o t a l  i m p o r t e d  e n e r g y  c a n  t h e n  be  l i m i t e d  t o  a n .  a r b i t r a r i l y  
f i x e d  p r o p o r t i o n  cj (cj migh t  w e l l  be  g r e a t e r  t h a n  1) o f  t h e  
t o t a l  consumpt ion  o f  i n d i g e n o u s  r e s o u r c e s  p l u s  a  c o r r e c t i o n  
t o  a d j u s t  f o r  t h e  u s e  of s o l a r  and o t h e r  r enewab le  e n e r g y  
s o u r c e s .  Thus 
l p r i m a r y  e q u i v . 1  
< d [ S S r i j ( t )  + :rik(t) -
1 i j  used (11 
The r e s o u r c e s  a v a i l a b l e  f o r  e x ~ o r t  a r e  t r e a t e d  a s  a n  
a d d i t i o n a l  exogenous  demand c a t e g o r y  - a b a l a n c e  between 
i m p o r t s  and  e x p o r t s  b e i n g  a c h i e v e d  a t  t h e  wor ld  l e v e l  by 
i t e r a t i v e  r u n s  of  t h e  comple t e  se t  o f  r e g i o n a l  models .  
The t o t a l  a n n u a l  consumpt ion  o f  e a c h  p r i m a r y  e n e r g y  
r e s o u r c e  i s  t h e  sum ove r  e a c h  r e s o u r c e  c a t e g o r y  p l u s  
impor ted  r e s o u r c e s .  Using a n  a s t e r i x  t o  d e n o t e  t h e  sum o v e r  
a n  index  w e  can  write  
Thus r i *  r e p r e s e n t s  t h e  t o t a l  a n n u a l  consumpt ion  o f  t h e  
p r i m a r y  e n e r g y  r e s o u r c e  i which is e q u a l  t o  t h e  amount of i 
used  i n  t h e  c e n t r a l i s e d  f u e l  and e n e r g y  c o n v e r s i o n  p r o c e s s e s  
p l u s  t h a t  amount used  by t h e  end-use  t e c h n o l o g i e s .  The 
g e n e r a l  form o f  t h i s  c o n s t r a i n t  ( e x c e p t '  f o r  t h e  consumpt ion  
o f  n a t i o n a l  uranium and t h o r i u m )  is  g i v e n  by 
where 
X j  is t h e  a n n u a l  p r o d u c t i o n  of t h e  jth c e n t r a l  
s t a t i o n  c o n v e r s i o n  p r o c e s s ;  
U k  t h e  a n n u a l  p r o d u c t i o n  of  t h e  k t h  end-use 
t e c h n o l o g y ;  
V i j  and Vik a r e  t h e  s p e c i f i c  i n p u t s  of  p r i m a r y  
e n e r g y  r e s o u r c e  i r e q u i r e d  t o  p roduce  one u n i t  
o f  o u t p u t  of t h e  p r o c e s s  j and k ;  and 
n, a n d  nu a r e  t h e  t o t a l  number of c e n t r a l i s e d  
c o n v e r s i o n  p r o c e s s e s  and e n d - u s e  t e c h n o l o g i e s .  
N o t e :  t h e  c o e f f i c i e n t s  V i j  a n d  v i k  w i l l  o f t e n  be z e r o .  
I n  t h e  case o f  n u c l e a r  f a c i l i t i e s ,  n o t  o n l y  m u s t  t h e  
a n n u a l  f u e l  r e q u i r e m e n t s  be met b u t  a n  i n i t i a l  s t a r t - u p  
i n v e n t o r y  a n d  t h e  l a g  times i n v o l v e d  i n  t h e  n u c l e a r  f u e l  
c y c l e  m u s t  be c o n s i d e r e d .  S i n c e  t h e  m o d i f i e d  n u c l e a r  
c o n s u m p t i o n  b a l a n c e  e q u a t i o n s  are  s i m i l a r  t o  t h e  e q u a t i o n s  
d e s c r i b i n g  t h e  c o n s u m p t i o n  o f  man-made f u e l s  - s u c h  as 
p l u t o n i u m  - w e  l e a v e  t h e i r  s p e c i f i c a t i o n  t o  t h e  l a t e r  
s e c t i o n  d e s c r i b i n g  t h e  n u c l e a r  f u e l  c y c l e .  
F u e l  --- c o n v e r s i o n  - and  
The e x t r a c t i o n  o f  c r u d e  o i l ,  n a t u r a l  g a s  a n d  c o a l  
p r o v i d e s  f o s s i l  e n e r g y  which  is e i t h e r  u s e d  d i r e c t l y  ( i . e .  
i n  t h e  case o f  c o a l  f o r  s p a c e  h e a t i n g )  o r  c o n v e r t e d  i n t o  
a n o t h e r  f o r m  o f  f u e l  o r  e n e r g y .  A number o f  t e c h n o l o g i e s  
f o r  r e f i n i n g  c r u d e  o i l ,  c o a l  g a s i f i c a t i o n  a n d  c o a l  
l i q u e f a c t i o n  are  d e f i n e d  i n  t h e  mode l .  S i n c e  a l a r g e  number 
o f  t e c h n i q u e s  are  a v a i l a b l e  f o r  e a c h  o f  t h e s e  p r o c e s s e s  it 
is  n e c e s s a r y  t o  be s e l e c t i v e .  G e n e r a l l y  t h e  d o m i n a n t  ( o r ,  
i n  t h e  case of  new t e c h n o l o g i e s ,  t h e  mos t  p r o m i s i n g )  
t e c h n i q u e  i s  c h o s e n g .  E s p e c i a l l y  i n  t h e  c a s e  o f  c o a l ,  i t  is 
n e c e s s a r y  t o  take a c c o u n t  o f  a b a t e m e n t  t e c h n i q u e s  f o r  
c l e a n i n g  t h e  e m i s s i o n s ,  s o  t h a t  i n  a d d i t i o n  t o  t h e  
c o n v e n t i o n a l  t e c h n o l o g y  w e  i n c l u d e  a  " c l e a n "  o r  c o n t r o l l e d  
t e c h n o l o g y  r e p r e s e n t i n g  t h e  m o s t  p r o m i s i n g  a b a t e m e n t  method .  
C o a l  l i q u e f a c t i o n  - a n d  -- g a s i f i c a t i o n  
The i m p o r t a n c e  o f  i n t r o d u c i n g  t e c h n o l o g i e s  t o  p r o d u c e  
s y n t h e t i c s  f r o m  c o a l  is  t o  u s e  t h e  a b u n d a n t  c o a l  r e s e r v e s  by 
f i r s t  c o n v e r t i n g  them t o  a more c o n v e n i e n t  and 
e n v i r o n m e n t a l l y  a c c e p t a b l e  fo rm.  I n  t h i s  way, c o a l  c a n  
s u p p l e m e n t  ( and  e v e n t u a l l y  r e p l a c e )  n a t u r a l  g a s  and  o i l  i f ,  
o r  when,  t h e s e  r e s e r v e s  r u n  o u t .  Numerous p r o c e s s e s  h a v e  
b e e n  i n v e s t i g a t e d  t o  p r o d u c e  a s y n t h e t i c  g a s  t o  s u b s t i t u t e  
f o r  n a t u r a l  g a s .  We c a n  d i s t i n g u i s h  b e t w e e n  two t y p e s  o f  
p r o c e s s e s ,  namely  c o n v e n t i o n a l  a n d  n u c l e a r .  I n  t h e  
c o n v e n t i o n a l  p r o c e s s e s  p a r t  o f  t h e  t o t a l  c o a l  i n p u t  i s  u s e d  
t o  p r o v i d e  p r o c e s s  heat ,  w h e r e a s  i n  t h e  n u c l e a r  p r o c e s s e s  
9 Two o r  more a l t e r n a t i v e  t e c h n i q u e s  c o u l d ,  o f  c o u r s e ,  be 
i n c l u d e d  i n  t h e  model:  The  s t r u c t u r e  o f  t h e  a l t e r n a t i v e  
t e c h n i q u e  would be unchanged  w h e r e a s  t h e  c o s t ,  
e f f i c i e n c y  a n d  e m i s s i o n  c o e f f i c i e n t s  would be d i f f e r e n t .  
the process heat is provided by the reactor. The nuclear 
process is therefore more efficient in terms of coal input 
to gas output resulting in an overall saving in coal and - 
in countries with high coal costs - in lower production 
costs. Similar arguments hold for the liquefaction of coal 
using, nuclear process heat. 
The --- electricity - and district - heat production system 
In contrast to most other commodities, electric energy 
and district heat cannot be stored economically in large 
amounts at the present time; they have to be consumed 
simultaneously with their production. Due to this fact, the . 
load characteristics of the electricity and district heat 
demand (i.e. yearly and daily fluctuations) have an 
important impact on the optimal mix of generating-equipment. 
The typical load characteristics of both electrical and 
district heat demand in the Federal Republic of Germany are 
shown in Figure 5 1121 which Tan be summarised as follows: 
- The annual variation in demand for district heat 
is very high but the average annual load 
duration is low (in the range of 2000 hours per 
annum depending on climatic conditions). 
- The peak demands for district heat and 
electricity occur at roughly the same time of 
the year. This must be taken into account when 
considering a combined district heat/electricity 
production. 
- The daily variation in demand for both space 
heat and electricity requires addktional peak 
facilities. 
Combined -- production - . -- of- electricity - . - and district heat 
-- 
District heat, which uses a central conversion plant to 
produce space and water heating, has been applied for many 
years in several countries. Recently, however, the combined 
production of electricity and district heat has received a 
lot of attention. When used in combination with a plant 
generating electricity, steam is discharged at some point in 
a steam turbine; the steam is then used for space heating. 
A combined production of electricity and district heat 
allows significant savings in primary energy. This is due 
to the fact that using the low temperature steam, with its 
high condensation energy to produce district heat, only 
slightly reduces the amount of electricity produced. 
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F i g u r e  5 E l e c t r i c i t y  and d i s t r i c t  h e a t  l o a d  demand 
c u r v e s  
Using t h e  o t h e r w i s e  was t ed  h e a t  of  l a r g e  e l e c t r i c i t y  
g e n e r a t i n g  p l a n t s  f o r  d i s t r i c t  h e a t  i n  t h i s  way a l s o  h a s  
e n v i r o n m e n t a l  b e n e f i t s .  S i n c e  t h e  combined p l a n t s  o p e r a t e  
a t  h i g h e r  e f f i c i e n c i e s ,  t h e r m a l  p o l l u t i o n  is r educed  and a i r  
p o l l u t a n t s  c a n  be d i s c h a r g e d  f rom h i g h e r  s t a c k s  t h a n  a r e  
u s u a l  w i t h  s m a l l e r  d i s t r i c t  h e a t  p l a n t s ,  g r e a t l y  r e d u c i n g  
t h e  impact  of e m i s s i o n s  a t  t h e  ambien t  l e v e l .  
Suppos ing  w e  have a  h y b r i d  t e c h n o l o g y  X j  which p r o d u c e s  
v a r i a b l e  p r o p o r t i o n s  o f  e l e c t r i c i t y  e j  and d i s t r i c t  h e a t  d j ,  
t h e n  t h e  d e c r e a s e  i n  e l e c t r i c i t y  o u t p u t  w i t h  i n c r e a s i n g  h e a t  
e x t r a c t i o n  is g i v e n  by t h e  f r a c t i o n  s j  a s  f o l l o w s :  
r e d u c t i o n  i n  e l e c t r i c i t y  o u t p u t  = s = j i n c r e m e n t a l  h e a t  o u t p u t  ( 1 4 )  
I f  w e  assume t h a t  t h i s  f a c t o r  is c o n s t a n t  w i t h i n  t h e  
v a r i a b l e  p r o d u c t i o n  scheme o f  t h e  p l a n t ,  t h e  r e l a t i o n  
between e l e c t r i c i t y  and h e a t  p r o d u c t i o n  is g i v e n  by 
max 
so that if ej = e j 
then 
The line AB shown ip Figure 6 describes the technical 
possibilities of production: point A corresponds to maximum 
electric and zero district heat production; point B to 
maximum district heat and minimum electric production. (For 
technical reasons there is a lower limit to the share of 
electricity production in the total power production.) 
ELECTRICITY 
max 
e. 
1 
min 
e. 
1 
DISTRICT HEAT max h. 
J 
max niin 
e - e  
Figure 6 Simplified character isation of a combined 
heat/electricity plant 
Now let us suppose that the plant X j  has two modes of 
operation, one at A represented by xy and one at B by xg. 
Then the energy produced at A and at B is given, 
respectively, by 
xe which equals e max j j 
and 
xd w h i c h  e q u a l s  e min + dmax j j j 
I t  is c l e a r  t h a t  e v e r y  p o i n t  on t h e  l i n e  AB c a n  now b e  
r e p r e s e n t e d  as  a  l i n e a r  c o m b i n a t i o n  o f  xy and x j .  
The  - - -- d i s t r i c t  - heat and  - -- e l e c t r i c i Q  - -- - s u p p l y  =stem -- -- i n  
MESSAGE 
A s  p o i n t e d  o u t  a b o v e ,  a ( r e a l i s t i c )  model  f o r  t h e  
d i s t r i c t  h e a t  a n d  e l e c t r i c i t y  s u p p l y  s y s t e m  m u s t  t ake  i n t o  
a c c o u n t  t h e  w i d e  a n n u a l  v a r i a t i o n  o f  demand f o r  b o t h  h e a t  
and  e l e c t r i c i t y .  I n  t h e  c a s e  o f  a  combined  g e n e r a t i o n  o f  
h e a t  a n d  e l e c t r i c i t y ,  t h e  p o s s i b l e  s i m u l t a n e o u s  o c c u r e n c e  o f  
p e a k  demand f o r  e l e c t r i c i t y  a n d  h e a t  m u s t  a l s o  b e  
c o n s i d e r e d .  I n  a d d i t i o n ,  t h e  model  s h o u l d  b e  c a p a b l e  b o t h  
o f  r e p r e s e n t i n g  t h e  v a r i a b l e  o p e r a t i n g  scheme  o f  t h e  
combined  h e a t / e l e c t r i c i t y  p l a n t s  a n d  o f  f i n d i n g  t h e  o p t i m a l  
mix o f  d i f f e r e n t  power  a n d  h e a t  p l a n t s  t h a t  c o r r e s p o n d  t o  
t h e i r  e n e r g y  g e n e r a t i o n  c o s t  s t r u c t u r e  ( i . e .  t a k i n g  a c c o u n t  
o f  t h e  f a c t  t h a t  some p l a n t s  h a v e  h i g h  c a p i t a l  c o s t s  b u t  low 
o p e r a t i n g  a n d  f u e l  c o s t s  a n d  v i c e  v e r s a ) .  
I n  o r d e r  t o  u n d e r s t a n d  t h e  a p p r o a c h  u s e d ,  c o n s i d e r  t h a t  
t h e  v a r i a t i o n  i n  l o a d  c a n  b e  r e p r e s e n t e d  by a s t a n d a r d i s e d  
l o a d  c u r v e .  The  d a i l y  l o a d  c h a r a c t e r i s t i c s  c a n  b e  t a k e n  
a c c o u n t  o f  by d e f i n i n g  a d a y  a n d  n i g h t  time l o a d  c u r v e  
r e p r e s e n t i n g  t h e  u p p e r  a n d  l o w e r  l i m i t s  o f  t h e  d a i l y  
v a r i a t i o n  o f  t h e  demand c u r v e .  The n o n - l i n e a r  demand l o a d  
c u r v e s  f o r  e l e c t r i c i t y  ( e )  a n d  d i s t r i c t  h e a t  ( d )  c a n  b e  
r e p r e s e n t e d  by a s t e p  f u n c t i o n ,  a s  shown s c h e m a t i c a l l y  i n  
F i g u r e  7 .  1 u  
I f  w e  l e t  
Ld (t-) and Le (t) r e p r e s e n t  t h e  demand l o a d  c u r v e s  
f o r  h e a t  a n d  e l e c t r i c i t y  r e s p e c t i v e l y ;  
l g n l  i s  t h e  s e t  o f  ( t i m e )  s e g m e n t s  of t h e  s t e p  
f u n c t i o n  by which  t h e  l o a d  c u r v e s  a r e  
a p p r o x i m a t e d ;  a n d  
1 0  W e  s i m p l i f y  a g a i n  f o r  c l a r i t y  o f  e x p o s i t i o n .  An 
a p p r o x i m a t i o n  o f  t h e  l o a d  c u r v e s  f o r  d i s t r i c t  h e a t  and  
e l e c t r i c i t y  p r o d u c t i o n  i s  n o t  i n  f a c t  c a r r i e d  o u t  
( e x c e p t  i n  MESSAGE I ) .  R a t h e r  t h e  e x o g e n o u s  i n p u t  o f  
t h e  mode l  c o n c e r n i n g  l o a d  c h a r a c t e r i s t i c s  is  o f  u s e f u l  
e n e r g y  demand ( i . e .  s p a c e  h e a t  r a t h e r  t h a n  d i s t r i c t  
h e a t ,  l i g h t i n g  r a t h e r  t h a n  e l e c t r i c i t y ) .  The l o a d  
c h a r a c t e r i s t i c s  o f  i n d i v i d u a l  t y p e s  o f  p l a n t s  a r e  a n  
o u t p u t  o f  t h e  model  a s  w i l l  b e  shown p r e s e n t l y  when 
d i s c u s s i n g  t h e  e n d - u s e  module .  
JANUARY T 8760 HOURS 
Figure 7 Approximation of load curves 
h 1 is the length in hours of the lth time segment (load re3ion);ll 
Ed1 and Eel represent the average load demand in 
time segment 1 for district heat and 
electricity, respectively; 
then the following. relations hold: 
where (DM) is equal to the intermediate (endogenous) demand 
(IM) plus useful energy (exogenous) demand ( 2 ) .  
Within the electricity and districtheat supply system 
we8distinguish between three types of plant: 
11 The quality of the load curve approximation is not only 
a function of the number of time segments: a small, but 
carefully chosen, number of time segments of unequal 
length might give a better approximation than a much 
larger number of equal length. 
- e l e c t r i c i t y  g e n e r a t i n g  p l a n t s ,  j f n e ;  
- d i s t r i c t  h e a t i n g  p l a n t s ,  j f n d ;  and 
- combined ? l a n t s ,  j f n c  , which  p r o d u c e  h e a t  
and /o r  e l e z t r i c i t y  i n  a v a r i a b l e  p r o p o r t i o n ,  
The p o t e n t i a l  v a r i a t i o n  o f  t h e  e l e c t r i c i t y  and  d i s t r i c t  h e a t  
p r o d u c t i o n  c a p a c i t y  w i t h i n  a combined p l a n t  is t h e r e b y  g i v e n  
by 
where  
c7 i s  t h e  e 1 e : t r i c a l  g e n e r a t i n g  c a p a c i t y ;  
cy i s  t h e  d i s z r i c t  h e a t  c a p a c i t y ;  and 
a j  i s  t h e  minimum s h a r e  o f  e l e c t r i c i t y  t o  t o t a l  
p r o d u c t i o n  (measured  i n  e l e c t r i c i t y  e q u i v a l e n t  
u n i t s ) .  
Demand c o n s t r a  . n t s  
--- - -- -- 
The g e n e r a t i o n  o f  e l e c t r i c i t y  and h e a t  must  be e q u a l  t o  
o r  g r e a t e r  t h a n  t h !  exogenous  u s e f u l  e n e r g y  demand p l u s  t h e  
i n t e r m e d i a t e  demand i n  e a c h  time segment  ( l o a d  r e g i o n )  o f  
t h e  a n n u a l  p e r i o d .  ' hus  f o r  
a )  e l e c t r i c i t y  demand 
b )  d i s t r i c t  h e . ! t  demand 
whe re  
( I M e l )  is t h e  n t e r m e d i a t e  demand f o r  e l e c t r i c i t y ;  
(DMdl) is t h e  endogenous )  demand f o r  d i s t r i c t  h e a t ;  
and 
l f n l  i s  t h e  se t  of  l o a d  r e g i o n s .  
P r o d u c t i o n  c a p a c i t y  c o n s t r a i n t s  
----- - ---- ----.-- 
I n d i v i d u a l  p l a n t  - -  c o n s t r a i n t s :  The e n e r g y  s u p p l i e d  f rom 
e a c h  p l a n t  i n  any  l o a d  r e g i o n  1 must  be  s m a l l e r  t h a n  t h e  
p o t e n t i a l  p r o d u c t i o n  l i m i t e d -  by t h e  a v a i l a b l e  c a p a c i t y .  
Thus f o r  
a )  power p l a n t s  
b )  d i s t r i c t  h e a t i n g  p l a n t s  
C )  combined p l a n t s  
where  
a j  is  t h e  minimum s h a r e  o f  e l e c t r i c i t y  i n  t h e  t o t a l  p r o d u c t i o n  of  e l e c t r i c i t y  and d i s t r i c t  h e a t  o f  
f a c i l i t y  j ;  and 
s j  is t h e  r e d u c t i o n  of  e l e c t r i c i t y  o u t p u t  f o r  u n i t  
i n c r e a s e  o f  h e a t  o u t p u t  o f  j. 
E l e c t r i c i t y  and h e a t  p r o d u c t i o n  c o n s t r a i n t s :  The 
- - - .- -- - -- ---- -- .- 
e l e c t r i c i t y  and h e a t  p r o d u c t i o n  c a p a c i t y  a c t u a l l y  a v a i l a b l e  
must  exceed  t h e  h i g h e s t  l o a d  demand i n  a l l  l o a d  r e g i o n s  p l u s  
some r e s e r v e  c a p a c i t y  f o r  unp lanned  shu tdowns  and/or  
u n e x p e c t e d  p e a k s  i n  demand. 
a )  e l e c t r i c i t y  
b) d i s t r i c t  hea t  
The e l e c t r i c i t y  and d i s t r i c t  heat  supply technologies  
considered i n  t he  present  version of t h e  model a r e  l i s t e d  i n  
Table 2 .  The e l e c t r i c i t y  produced by hydroe lec t r i c  power 
p l a n t s  i s  t r e a t e d  as  an exogenous input  due t o  t h e  d i f f e r e n t  
indiv idual  c o s t  f i g u r e s  of each p lan t .  
Table 2 E l e c t r i c i t y  and d i s t r i c t  hea t  p l a n t s  
sup$ly ~ e c l ~ n o l c ~ ~ y  e i e c t r i c i t y  a i s t r i c t  e i e c t r i c i t y  
neat  & heat  
coa l  Li res  p l a n t  x 
gas r i r e a  p lan t  x 
l i g h t  wster reac tor  x 
i a s t  Lreeuzr reac to i  x 
i l l  j l l  LeiilL~eiiltUf e rekc tor X 
8 u l a i  ~ O W ~ L  plant  x 
nyurcr-elec~r i c  powei, giant x 
Hydrogen . - -- - production - - .- - - - -
Although e l e c t r i c i t y  can be produced from a  wide 
v a r i e t y  of energy sources and is  extremely clean i n  the  
end-use, i t  is quest ionable  i f  an a l l - e l e c t r i c  economy is 
f e a s i b l e  or even des i rab le .  Since i n  t h e  long run we s h a l l  
run out of f o s s i l  f u e l s  - a t  l e a s t  of o i l  and na tu ra l  gas - 
it w i l l  be wise t o  cons ider ,  i n  addi t ion  t o  e l e c t r i c i t y ,  an 
a l t e r n a t i v e  syn the t i c  f u e l  t h a t  could be used i n  much the 
same way a s  our present  f o s s i l  f u e l s  (e.g. i n  powering motor 
v e h i c l e s ) .  Hydrogen is one such f u e l  and could poss ib ly  
become a  valuable a l t e r n a t i v e  t o  e l e c t r i c  energy, having 
c e r t a i n  advantages i n  s t o r a b i l i t y  and t r a n s p o r t a b i l i t y .  The 
s p e c i a l  appeal of the  e l e c t r o l y t i c  production of hydrogen is  
t h a t  it can " s to re"  e l e c t r i c  energy and t h u s  make use of 
excess e l e c t r i c i t y  generat ing capaci ty  a t  off-peak times. 
The production of hydrogen is presen t ly  c a r r i e d  out by 
t h e  steam reformation or p a r t i a l  oxidat ion of hydrocarbons. 
W i t h  the l imi ted  resources of o i l  and n a t u r a l  gas ,  these  
poss ib le  sources of hydrogen a r e  not long-term opt ions.  
Therefore,  a s  long-term a l t e r n a t i v e s ,  we consider two 
production technologies i n  our model by which hydrogen can 
be made from non - fo s s i l  energy sou rce s  such a s  n u c l e a r  o r  
s o l a r  energy.  One i s  t h e  e l e c t r o l y s i s  of  water  and t h e  
o t h e r  t h e  thermochemical s p l i t t i n g  of wa te r .  Producing 
e l e c t r o l y t i c  hydrogen by e l e c t r o l y t i c  c e l l s  r e q u i r e s  
e l e c t r i c i t y ,  a  h igh -qua l i t y  energy form, a s  i n p u t .  S e v e r a l  
e l e c t r o l y t i c  hydrogen p l a n t s  have been ope ra t ed  
s u c c e s s f u l l y ,  whereas t h e  thermochemical p roduc t i on  of 
hydrogen is s t i l l  i n  a  p r e l i m i n a r y  s t a g e  o f  r e s e a r c h  and 
development.  The thermochemical p r o c e s s  i nvo lve s  t h e  use  of 
a  s e q u e n t i a l  s e r i e s  of  chemical  r e a c t i o n s  producing hydrogen 
and oxygen, t he r eby  avo id ing  t h e  requirement  of  h igh 
t e m p e ra tu r e s  i n  exces s  . of  20000C f o r  a  d i r e c t  s i n g l e - s t e p  
the rmal  s p l i t t i n g  of wa te r .  
I n  t he  model, we d i s t i n g u i s h  between t h e  fo l l owing  
t h r e e  hydrogen p r o d ~ ~ c t i o n  p r o c e s s e s ,  namely 
- e l e c t r o l y t i c  hydrogen; 
- thermochemical hydrogen us ing  p r o c e s s  h e a t  o f  
h igh- temperature  gas-cooled r e a c t o r s ;  
- s o l a r  hydrogen ( thermochemical ) .  
The i n t r o d u c t i o n  of a d d i t i o n a l  hydrogen p roduc t i on  
t e c h n o l o g i e s  is e a s l l y  i nco rpo ra t ed  i n  t h e  model. 
The n uc l ea r  f u e l  c ~ c l g  
- -
I n  t h e  s h o r t  h i s t o r y  of t h e  p e a c e f u l  use  of nuc l ea r  
energy  a  g r e a t  number of r e a c t o r s  concep t s  have been 
proposed and develoned.  Most of  them have n o t ,  and w i l l  
n o t ,  reach a  commercial s t a g e .  From t h e  p r e s e n t  p o i n t  of 
view t h e  most promising seem t o  be ( a )  t h e  l igh t -wa te r  (LWR) 
and n a t u r a l  uranillm heavy-water (HWR) r e a c t o r s  - both  of 
which a r e  a l r e a d y  i n  commercial use  - and ( b )  t h e  f a s t  
breeder  ( F B R )  and high t empera tu re  gas-cooled (HTGR) 
r e a c t o r s  which a r e  no t  y e t  commercial ly a v a i l a b l e .  
The enr ichment ,  f a b r i c a t i o n ,  r ep roce s s ing  and waste  
d i s p o s a l  c o s t s  a r e  inc luded i n  t h e  c o s t  c o e f f i c i e n t s  of  t h e  
o b j e c t i v e  f u n c t i o n  of each nuc lea r  power p l a n t  t y p e .  I n  t h e  
f i r s t  exp re s s ion  below, we w r i t e  down t h e  m a t e r i a l  ba lance  
e q u a t i on  of n a t u r a l  uranium and thorium neces sa ry  t o  en su re  
t h a t  s t o c k s  of  PI-ocessed n a t u r a l  uranium and thor ium a r e  
a v a i l a b l e .  T h i s  is fo l lowed by t h e  m a t e r i a l  ba lance  
e q u a t i o n s  of t h e  man-made f u e l s  plutonium, uranium 233  and 
d e p l e t ed  uranium which p r e v e n t s  t h e  s t o c k  of t h e s e  m a t e r i a l s  
from becoming negative. Thus f o r  
a )  n a t u r a l  u r a n i u m  a n d  t h o r i u m :  
[ i  f  { n a t u r a l  u r a n i u m ,  t h o r i u m  ) ]  
b )  p l u t o n i u m  a n d  o t h e r  man-made f u e l s :  
[ i  f {  p l u t o n i u m ,  u ran ium-233 ,  d e p l e t e d  u r a n i u m  ) I  
w h e r e  
r i ( t )  is t h e  amoun t  o f  t h e  n a t u r a l  r e s o u r c e  i 
( e i t h e r  u r a n i u m  o r  t h o r i u m )  u s e d  i n  t ;  
S i ( t )  i s  t h e  s t o c k  o f  t h e  man-made f u e l  i a t  t ;  
x j  ( t )  i s  t h e  s n n u a l  o u t p u t  o f  t h e  n u c l e a r  c o n v e r s i o n  
p r o c e s s  j ;  
' x i j  is  t h e  a n n u a l  r e p l a c e m e n t  r e q u i r e m e n t  o f  
n u c l e a r  f u e l  p e r  u n i t  o f  a n n u a l  o u t p u t ;  
f ~ i j  is t h e  a n n u a l  r e c o v e r y  o f  f u e l  f r o m  
r e p r o c e s s i n g ;  
y j  ( t )  is t h e  a d d i t i o n a l  c a p a c i t y  o f  t h e  n u c l e a r  
c o n v e r s i o n  p r o c e s s  j i n s t a l l e d  i n  t ;  
is t h e  i n i t i a l  i n v e n t o r y  r e q u i r e m e n t  o f  
V y i J  n u c l e a r  f u e l  p e r  u n i t  o f  c a p a c i t y ;  
is t h e  u n i t  f i n a l  r e t i r e m e n t  o f  f u e l  o n  
f y i J  s h u t d o w n  o f  t h e  p l a n t ;  
4te is t h e  l a g  t i m e  r e q u i r e d  f o r  p r e p a r a t i o n  a n d  
e n r i c h m e n t  o f  new f u e l s ;  
t ' is the lag time required for reprocessing of 
spent fuels; 
Bt is the length of the time period in years; 
It is the lifetime of the facility in years. 
2.5 The enerqy transportion, distribution and end-use 
- -- - --.-- - --- 
module 
Energy supply options at ghe - end-use . -- 
Options for supplying a region's energy requirements do 
not only arise from the availabilty of primary energy 
resources and the state of development of central conversion 
technologies . Significant options also exist in the 
consumption of energy at the end-user side in performing a 
real energy service, either directly satisfying a real human 
need, or in the production of goods. These end-use 
technologies have received little attention by energy 
analysts in the past but, like the central conversion 
technologies , have wide ranges of efficiencies, 
environmental impacts and costs. It is therefore imperative 
to extend the model to include the transportation, 
distribution and end-use of secondary energy, not only to 
capture all of the impacts of the energy supply system on 
the environment, but also to realise the highest possible 
savings in primary energy resources and capital expenditure 
by choice of the most efficient or least expensive path 
through the entire energy supply system, from primary energy 
resources to the satisfaction of energy needs. 
Before explaining the method adopted for taking account 
of the energy transportation, distribution and end-use 
technologies, we would like to set out some of the arguments 
underlying the choice of a comprehensive approach. 
Small-scale -- conversion - -- technologies -- - -- based - on --.-- renewable 
resources 
The following small-scale decentralised conversion or 
end-use technologies are often included among the new energy 
options that are expected to make an important contribution 
in supplying future energy demand: 
- s o l a r  f o r  room h e a t i n g  a n d  warm w a t e r  s u p p l y ;  
- b i o g a s  p r o d u c t i o n  s y s t e m s ;  and  
- t h e  h e a t  pump. 
B u t  t h e  e n e r g y  w h i c h  t h e s e  o p t i o n s  m i g h t  b e  e x p e c t e d  t o  
s u p p l y  p e r  u n i t  a r e a  is  l i m i t e d  n o t  o n l y  b y  t h e  n a t u r a l  
c o n d i t i o n s  o c c u r r i n g  i n  t h e  r e g i o n  i n  q u e s t i o n  b u t  a l s o  by 
t h e  man-made e n v i r o n m e n t .  And, o f  c o u r s e ,  t h e  e n e r g y  demand 
p e r  u n i t  a r e a  is a l s o  a  f u n c t i o n  o f  t h e  p o p u l a t i o n  d e n s i t y .  
An a n a l y s i s  c o m p a r i n g  s m a l l - s c a l e  d e c e n t r a l i s e d  c o n v e r s i o n  
t e c h n o l o g i e s  ( u s i n g  r e n e w a b l e  r e s o u r c e s )  w i t h  c e n t r a l  
s t a t i o n  c o n v e r s i o n  o n e s ,  m u s t  b e  made i n  terms o f  s a t i s f y i n g  
t h e  same u s e f u l  e n e r g y  demand. T h i s  a n a l y s i s  m u s t  a l s o  t a k e  
a t  l e a s t  some a c c o u n t  o f  t h e  r e g i o n a l  d i s t r i b u t i o n  o f  
p o p u l a t i o n .  
E n v i r o n m e n t a l  -- i m p a c t  a t  t h e  e n d - u s e  
- - - . - - - . . - -- 
The s e c o n d  p o i n t  r e l a t e s  t o  t h e  e n v i r o n m e n t a l  a s p e c t  o f  
t h e  e n e r g y  s u p p l y  s y s t e m .  A s i g n i f i c a n t  amount  o f  t h e  
e n v i r o n m e n t a l  damage c a u s e d  by t h e  e m i s s i o n  o f  p o l l u t a n t s  
o c c u r s  a t  t h e  p o i n t  o f  t h e  e n d - u s e  o f  e n e r g y ,  s u c h  a s  N O 2  
e m i t t e d  by a u t o m o b i l e s  o r  SO2 by c o a l -  a n d  o i l - f i r e d  s p a c e  
h e a t i n g  s y s t e m s .  T h i s  is shown d r a m a t i c a l l y  i n  F i g u r e  8 The 
SO2 e m i s s i o n s  o f  t h e  r e s i d e n t i a l  a n d  c o m m e r c i a l  s e c t o r ,  
w h i c h  make up  o n l y  1 0 %  o f  t h e  t o t a l  SO2 e m i s s i o n s  i n  t h e  
W i s c o n s i n  u r b a n  a r e a ,  c o n t r i b u t e  more  t h a n  60% t o  t h e  
a m b i e n t  d o s e  l e v e l .  
E f f i c i e n c i e s  o f  e n d - u s e  t e c h n o l o g i e s  
- - - - - - - - - -- - - - - -- - - -- 
The c o n s u m p t i o n  o f  e n e r g y ,  o r  t h e  c o n v e r s i o n  o f  h i g h -  
q u a l i t y  e n e r g y  i n t o  low q u a l i t y  h e a t ,  is  n o  e n d  i n  i t s e l f .  
E n e r g y ,  a l o n g  w i t h  o t h e r  r e s o u r c e s ,  is  u s e d  i n  o u r  s o c i e t y  
t o  p r o d u c e  g o o d s  and s e r v i c e s ,  t o  t r a n s p o r t  g o o d s  a n d  
p e o p l e ,  t o  h e a t  a n 3  l i g h t  rooms ,  e tc .  The e f f i c i e n c i e s  
i n v o l v e d  i n  t h e  e n d - u s e  o f  e n e r g y  v a r y  w i d e l y  w i t h  r e g a r d  t o  
t h e  p u r p o s e  f o r  w h i c h  t h e  e n e r g y  is u s e d  a n d  t h e  e n d - u s e  
t e c h n o l o g i e s  i n v o l v e d .  Some f i g u r e s  f o r  t h e  d i f f e r e n t  
e f f i c i e n c i e s  o f  a l t e r n a t i v e  s p a c e  h e a t i n g  s y s t e m s  and  
p a s s e n g e r  t r a n s p o r t a t i o n  modes a r e  g i v e n  i n  T a b l e  3 .  T h i s  
shows  t h a t  a n  a s s e s s m e n t  o f  t h e  o v e r a l l  e f f i c i e n c y  o f  t h e  
e n t i r e  e n e r g y  s y s t e m  i n  s a t i s f y i n g  a  g i v e n  u s e f u l  e n e r g y  
demand m u s t  a l s o  t a k e  i n t o  a c c o u n t  t h e  d i f f e r e n t  
t e c h n o l o g i e s ,  e a c h  w i t h  i t s  own p a r t i c u l a r  c o n v e r s i o n  
e f f i c i e n c y ,  w h i c h  a r e  a v a i l a b l e  a t  t h e  e n d - u s e .  
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T a b l e  3 E n e r g y  e f f i c i e n c y  f o r  i n t e r - c i t y  p a s s e n g e r  
t r a f f i c  a n d  s p a c e  h e a t i n g  s y s t e m s  
1 
i n c e r c l t y  g a s s e n , e r  t r a r r i c  I s p a c e  n e a t i n q  
- 
1 
31cl per I e f r  i c i e n c y  
s a s a e n g e r  I ( % I  
n i i e  I 
I o i l o v e n  4 6  
D Li SeS  i W Y W  I o i l  c e n t r a l  h e a t i n g  5 1  
r a l l r o d u s  1 i w d .  1 g a s  o v e n  6 1  
~ r i v a ~ e  car 4 Z 3 w  1 c o a l  c e n t r a l  n e a t i n g  4 1  
a i r c j p l a n e  j jiyu I e l c t r i c a l  h e a t i n g  94 
T a b l e  4 C a p i t a l  i n v e s t m e n t s  o f  t h e  e l e c t r i c i t y  and  
d i s t r i c t  h e a t  u t i l i t i e s  i n  1 9 7 5  
p ~ i i i l C  c i g e  e l e c t r i c i c y  s u p p l y  d i s t r i c t  n e a t  
u t i l i t i e s  o f  t h e  F e d e r a l  R e p u b l i c  o f  Germany i n  1 9 7 5 .  I n  
t h e  e l e c t r i c i t y  s u p p l y  s e c t o r ,  t h e  i n v e s t m e n t s  f o r  t r a n s p o r t  
a n d  d i s t r i b u t i o n  f a c i l i t i e s  were n e a r l y  as  h i g h  as  f o r  
p r o d u c t i o n  o f  e l e c t r i c i t y  a n d  i n  t h e  case o f  t h e  d i s t r i c t  
h e a t  s u p p l y  s e c t o r s  t h e  i n v e s t m e n t s  f o r  t r a n s p o r t a t i o n  and 
d i s t r i b u t i o n  were n e a r l y  t h r e e  times h i g h e r  t h a n  t h e  
p r o d u c t i o n  f a c i l i t i e s .  
E n e r g y  d i s t r i b u t i o n  and l o a d  d e n s i t i e s  
- .  ---- ---.---- 
We h a v e  a l r e a d y  m e n t i o n e d  t h a t  some o f  t h e  
d e c e n t r a l i s e d  e n e r g y  o p t i o n s  are l i m i t e d  i n  t h e  amount  o f  
e n e r g y  t h e y  c a n  p r o v i d e  p e r  s q u a r e  meter ( f o r  e x a m p l e ,  t h e  
a v e r a g e  s o l a r  e n e r g y  d e n s i t y  i n  ~ u s t r i a  i s  a r o u n d  114  ~ / m 2 ) .  
I n  t h e  case o f  s e c o n d a r y  e n e r g y  p r o d u c e d  by c e n t r a l  s t a t i o n  
c o n v e r s i o n ,  i t  is i m p o r t a n t  t o  a p p r e c i a t e  t h a t  t h e i r  r e l a t e d  
d i s t r i b u t i o n  c o s t s  a r e  a l m o s t  s o l e l y  a f u n c t i o n  of  t h e  l o a d  
d e n s i t y  ( i . e .  t h e  amount o f  e n e r g y  d e l i v e r e d  p e r  u n i t  a r e a :  
S e e  F i g u r e  9 ) .   specially i n  t h e  case o f  d i s t r i c t  h e a t ,  t h e  
d i s t r i b u t i o n  c o s t s  i n c r e a s e  d r a m a t i c a l l y  w i t h  d e c r e a s i n g  
l o a d  d e n s i t y .  I t  is c l e a r  f rom t h e s e  f i g u r e s  t h a t  t h e  l o a d  
d e n s i t y  is a n  i m p o r t a n t  f a c t o r  i n  m o d e l l i n g  t h e  e n e r g y  
t r a n s p o r t ,  d i s t r i b u t i o n  and  end-use  p a r t  o f  t h e  o v e r a l l  
e n e r g y  s u p p l y  sy s t em.  
\ DISTRICT HEAT 
GAS 
ENERGY DENSITY ( M W I ~ ~ ~ )  
F i g u r e  9  Energy  d i s t r i b u t i o n  c o s t s  w i t h  r e s p e c t  t o  
e n e r g y  d e n s i t y ,  FRG, 1975  
AS one m i g h t  e x p e c t ,  t h e  l o a d  d e n s i t y  - o r  t h e  e n e r g y  
consumpt ion  d e n s i t y  - is d i r e c t l y  r e l a t e d  t o  t h e  p o p u l a t i o n  
d e n s i t y ,  a t  l e a s t  i n  t h e  case o f  t h e  r e s i d e n t i a l  s e c t o r .  
These  r e l a t i o n s h i e s  are  shown i n  q u a l i t a t i v e  i n  F i g u r e  1 0 .  
The l e f t  p a r t  o f  t h e  f i g u r e  r e f e r s  t o  t h e  e n e r g y  consumpt ion  
d e n s i t y  a n 2  t h e  r i g h t  p a r t  t o  t h e  p o p u l a t i o n  d e n s i t y  o v e r  
t h e  a r e a  o f  t h e  F e d e r a l  R e p u b l i c  o f  Germany. The a c t u a l  
v a l u e s  are  1970 f i g u r e s .  The s o l i d  l i n e s  o f  d i f f e r e n t  
ENERGY CONSUMPTION DENSITY 
kgcelyr rn2 
F i g u r e  10  The r e l a t i o n  o f  e n e r g y  d e n s i t y  t o  p o p u l a t i o n  
d e n s i t y ,  FRG [ i 2 )  
t h i c k n e s s  a r e  t h e  i s o q u a n t s  of  d i f f e r e n t  e n e r g y  consumpt ion  
and  p o p u l a t i o n  d e n s i t i e s .  The re  is a  f a i r l y  good 
c o r r e l a t i o n  between e n e r g y  consumpt ion  and p o p u l a t i o n  
c e n t r e s .  
With t h e  long- te rm and  g l o b a l  o b j e c t i v e s  of t h e  e n e r g y  
m o d e l l i n g  e f f o r t  o f  I IASA's  Energy Sys tems  Program i n  mind, 
i t  seems i n a p p r o p r i a t e  t o  d e a l  w i t h  t h e  p rob lems  a r i s i n g  
f r o m  a n  u n e v e n  e n e r g y  d e n s i t y  d i s t r i b u t i o n  by d e v e l o p i n g  a  
f u l l  s u b - r e g i o n a l i s a t i o n  o f  e a c h  o f  t h e  w o r l d  r e g i o n s .  1 2  
B u t ,  a s  w e  a r g u e d  a b o v e ,  t h e s e  q u e s t i o n s  a r e  i m p o r t a n t  and  
c a n n o t  b e  n e g l e c t e d .  A s i m p l i f i e d  b u t  r e a l i s t i c  
r e p r e s e n t a t i o n  of  t h e  p r o b l e m s  r e l a t e d  t o  d i f f e r e n t  l o a d  
d e n s i t i e s  is a c h i e v e d  by u s e  o f  t h e  f o l l o w i n g  a p p r o a c h :  
a r e a s  o f  d i f f e r e n t  g e o g r a p h i c  l o c a t a t i o n  and w i t h  t h e  same 
r a n g e  o f  e n e r g y / p o p u l a t i o n  d e n s i t i e s  a r e  g r o u p e d  t o g e t h e r  t o  
f o r m  a  s m a l l  number o f  d e n s i t y  c l a s s e s  1 3  and t h e  o v e r a l l  
e n e r g y  demand d i s a g g r e g a t e d  t o  c o r r e s p o n d  t o  t h e s e  c l a s s e s  
f o r  e a c h  o f  which  a  s p e c i f i c  e n e r g y  d i s t r i b u t i o n  c o s t  f i g u r e  
is  g i v e n .  The s i m p l e s t  s p l i t ,  f o r  e x a m p l e ,  would be a  
d i s t i n c t i o n  b e t w e e n  u r b a n  a n d  r u r a l  a r e a s ,  t h e  l o a d  d e n s i t y  
i n  t h e  u r b a n  a r e a  b e i n g ,  o f  c o u r s e ,  much h i g h e r  t h a n  i n  t h e  
r u r a l  a r e a .  
M o d e l l i n q  t h e  --- t r a n s p o r t i o n ,  d i s t r i b u t i o n  -. .-- - and  e n d - u s e  module  -.- -
in-MESSAGE 
- 
To e x p l a i n  t h e  s t r u c t u r e  of t h e  t r a n s p o r t a t i o n ,  
d i s t r i b u t i o n  a n d  e n d - u s e  m o d u l e ,  l e t  u s  u s e  t h e  s p a c e  h e a t  
s e c t o r  a s  a n  e x a m p l e .  F i g u r e  11 shows i t s  b a s i c  s t r u c t u r e .  
T h e  e x o g e n o u s  i n p u t  t o  t h e  model  is t h e  u s e f u l  e n e r g y  demand 
w h i c h ,  i n  o u r  e x a m p l e ,  is t h e  t h e r m d l  e n e r g y  n e e d e d  f o r  
s p a c e  h e a t i n g  p u r p o s e s  f o r  e a c h  o f  t h e  e n e r g y / p o p u l a t i o n  
d e n s i t y  c l a s s e s  d e s c r i b e d  a b o v e .  The  u s e f u l  e n e r g y  demand 
( f o r  s p a c e  h e a t i n g )  c a n  b e  s u p p l i e d  by a  number o f  
a l t e r n a t i v e  s p a c e  h e a t i n g  t e c h n o l o g i e s ,  s u c h  a s  
- e l e c t r i c  h e a t i n g ;  
- d i s t r i c t  h e a t i n g ;  
- g a s  o v e n ;  and  
- s o l a r  t h e r m a l  c o l l e c t o r s ;  
u s i n g  a  v a r i e t y  o f  s e c o n d a r y  e n e r g y  f o r m s .  Then ,  t o g e t h e r  
w i t h  t h e  e n e r g y  t r a n s p o r t a t i o n  a n d  d i s t r i b u t i o n  c o s t s  o f  t h e  
d i f f e r e n t  e n e r g y  f o r m s  i n v o l v e d  (o r ,  i n  t h e  c a s e  o f  s o l a r ,  
t h e  n a t i o n a l  s u p p l y  l i m i t a t i o n s ) ,  t h e  s h a r e  o f  t h e  
a l t e r n a t i v e  e n d - u s e  t e c h n o l o g i e s  i n  s u p p l y i n g  t h e  demand f o r  
s p a c e  h e a t i n g  c a n  be  d e t e r m i n e d .  The s e c o n d a r y  e n e r g y  
1 2  T h e r e  a r e  s t i l l  some l i m i t s  on  t h e  s i z e  o f  t h e  p r e s e n t  
g e n e r a t i o n  o f  c o m p u t e r s  a n d  e v e n  more s t r i n g e n t  l i m i t s  
o n  t h e  a v a i l a b i l i t y  o f  c o n s i s t e n t  d a t a .  
1 3  T h i s  c o n c e p t  w i l l  b e  d e s c r i b e d  i n  more d e t a i l  l a t e r  i n  
r e l a t i o n  t o  t h e  t h e  e n v i r o n m e n t a l  i m p a c t s  sub-model .  
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F i g u r e  11 S t r u c t u r e  o f  t h e  e n e r g y  t r a n s p o r t a t i o n ,  
d i s t r i b u t i o n  and  e n d - u s e  sub-model  
i n p u t s  t o  t h e s e  e n d - u s e  t e c h n o l o g i e s  g i v e  t h e  l i n k  t o  t h e  
c e n t r a l  s t a t i o n  c o n v e r s i o n  module  w h i c h  d e t e r m i n e s  t h e  
o p t i m a l  way o f  p r o d u c i n g  t h i s  r e q u i r e d  s e c o n d a r y  e n e r g y .  On 
t h e  o t h e r  h a n d ,  a s  t h e  c e n t r a l  s t a t i o n  c o n v e r s i o n  module  and 
t h e  t r a n s p o r t a t i o n ,  d i s t r i b u t i o n  a n d  e n d - u s e  module  are b o t h  
i n t e g r a l  p a r t s  o f  t h e  o v e r a l l  m o d e l ,  a n d  t h e r e f o r e  s o l v e d  
s i m u l t a n e o u s l y  t h e  a l l o c a t i o n  o f  a l t e r n a t i v e  e n d - u s e  
t e c h n o l o g i e s  i n  s a t i s f y i n g  a g i v e n  u s e f u l  e n e r g y  demand a l s o  
t a k e s  i n t o  a c c o u n t  t h e  g e n e r a t i o n  c o s t s  o f  t h e  s e c o n d a r y  
e n e r g y  f o r m s .  
The u s e f u l  e n e r g y  demand c o n s t r a i n t  h a s  t h e  f o l l o w i n g  
fo rm : 
where 
ug is t h e  end-use  t e c h n o l o g y  j i n  d e n s i t y  c l a s s  r ;  
zf is t h e  u s e f u l  e n e r g y  demand i i n  r ;  
nUi is  t h e  s e t  of  end-use t e c h n o l o g i e s  s u p p l y i n g  i. 
One c o n s t r a i n t  i s  n e c e s s a r y  f o r  e a c h  u s e f u l  e n e r g y  demand 
c a t e g o r y  i n  e a c h  p o p u l a t i o n / e n e r g y  d e n s i t y  c l a s s .  
I n  t h e  model we d i s t i n g u i s h  be tween  t h r e e  d i f f e r e n t  
e n e r g y  consuming s e c t o r s : .  
J 
- househo ld  and  commerci.al; 
- i n d u s t r y ;  and 
- t r a n s p o r t a t i o n .  
Wi th in  e a c h  s e c t o r ,  d i f f e r e n t  end-use  demand c a t e g o r i e s  a r e  
c o n s i d e r e d .  For  t h e  r e s i d e n t i a l  and commerc ia l  s e c t o r  t h e s e  
a r e :  
- s p a c e  h e a t ;  
- a i r  c o n d i t i o n i n g ;  
- w a t e r  h e a t ;  
- o t h e r  u s e  ( c o o k i n g ,  a p p l i a n c e  and  l i g h t i n g )  ; 
and i n  t h e  i n d u s t r i a l  s e c t o r  a  d i s t i n c t i o n  is made between:  
- p r o c e s s  h e a t ;  
- power;  
- consumpt ion  f o r  non-energy p u r p o s e s .  
I n  t h e  c a s e  o f  t h e  t r a n s p o r t a t i o n  s e c t o r ,  t h e  
a l l o c a t i o n  o f  s e c o n d a r y  e n e r g y  fo rms  r e q u i r e d  t o  s a t i s f y  t h e  
demand f o r  p a s s e n g e r  and goods  t r a n s p o r t  is g i v e n  a s  a n  
exogenous  i n p u t ,  because  it is v e r y  u n r e a l i s t i c  t o  assume 
t h a t  t h e  c h o i c e  o f  d i f f e r e n t  t r a n s p o r t a t i o n  modes ( c a r ,  
t r a i n ,  b u s ,  e t c . )  is  d e t e r m i n e d  m a i n l y  by t h e  s p e c i f i c  
t r a n s p o r t a t i o n  c o s t s .  T h e r e  a r e  a  number o f  f a c t o r s  
i n v o l v e d  which a r e  b o t h  i r r a t i o n a l  and d i f f i c u l t  t o  
q u a n t i f y .  
The -- l o a d  c u r v e s  - f o r  - s e c o n d a x  -. a n d  u s e f u l  e n e r g y  demand 
- -- --- 
B e f o r e  c o n c l u d i n g  t h e  d e s c r i p t i o n  o f  t h e  
t r a n s p o r t a t i o n ,  d i s t r i b u t i o n  a n d  e n d - u s e  m o d u l e ,  a remark is  
n e c e s s a r y  t o  e x p l a i n  how t h e  s u p p l y  l o a d  c u r v e s  f o r  
e l e c t r i c i t y  a n d  d i s t r i c t  h e a t  a r e  d e t e r m i n e d  i n  t h e  mode l .  
The  mechanism c a n  b e  d e s c r i b e d  a s  f o l l o w s :  Each  u s e f u l  
e n e r g y  demand - - c a t e g o r y  is  a d d i t i o n a l l y  d e s c r i b e d  by i ts  l o a d  
c h a r a c t e r i s t i c s .  T h e s e  a r e  i n p u t  v a l u e s .  The l o a d  c u r v e s  
o f  e l e c t r i c i t y  and  d i s t r i c t  h e a t  s u p p l y  a r e  d e t e r m i n e d  by 
t h e  model  i n  a l l o c a t i n g  t h e  o p t i m a l  c o m b i n a t i o n  o f  a number 
o f  p o s s i b l e  e n d - u s e  t e c h n o l o g i e s  ( i n c l u d i n g  t h o s e  u s i n g  
e l e c t r i c i t y  a n d  d i s t r i c t  h e a t )  t o  s a t i s f y  t h e  u s e f u l  e n e r g y  
demand o f  e a c h  c a t e g o r y .  The s u p p l y  l o a d  c u r v e s  f o r  
e l e c t r i c i t y  a n d  d i s t r i c t  h e a t  a r e  t h e r e f o r e  a  r e s u l t  o f  t h e  
o p t i m i s a t i o n  p r o c e d u r e  a n d  n o t  a n  e x o g e n o u s  i n p u t .  
2 . 6  E n v i r o n m e n t a l  i m p a c t s  
-- 
E n e r g y  a n d  e n v i r o n m e n t a l  m o d e l l i n g  
- -- 
The i n t e r - r e l a t i o n s  b e t w e e n  e n e r g y  a n d  t h e  e n v i r o n m e n t ,  
t h e  o f t e n  c o n f l i c t i n g ,  b u t  s o m e t i m e s  c o m p l e m e n t a r y ,  
o b j e c t i v e s  o f  s e c u r i n g  a n  a d e q u a t e  e n e r g y  s u p p l y  a n d  
p r o t e c t i n g  t h e  e n v i r o n m e n t ,  f o c u s  a t t e n t i o n  on  t h e  need  t o  
e x t e n d  t h e  a n a l y s i s  o f  p r o b l e m s  r e l a t e d  t o  t h e  s u p p l y  o f  
e n e r g y  t o  i n c l u d e  e x p l i c i t l y  t h e  e n v i r o n m e n t a l  i m p a c t s  o f  
t h e  e n e r g y  s u p p l y  s y s t e m  i n  t h e  m o d e l l i n g  scheme .  
The c h a r a c t e r i s t i c s  o f  t h e  e n e r g y  s u p p l y  p r o b l e m ,  
h o w e v e r ,  a r e  o f t e n  l o n g - t e r m  i n  n a t u r e  a n d  o f  g l o b a l  
c o n s e q u e n c e .  I t  t a k e s  s e v e r a l  y e a r s  t o  o p e n  u p  a  new c o a l  
f i e l d  ( a n d  much l o n g e r  t o  c l o s e  a n  o l d  o n e  down i f  h i g h  
unemployment  is t o  be a v o i d e d ) .  Some o f  t h e  m a j o r  e n e r g y  
i m p o r t i n g  c o u n t r i e s ,  s u c h  a s  F r a n c e ,  J a p a n  and  t h e  F e d e r a l  
R e p u b l i c  o f  Germany,  i m p o r t  o v e r  70% o f  t h e i r  p r i m a r y  e n e r g y  
n e e d s .  T h e s e  i m p o r t a n t  t r a d i n g  n a t i o n s  d e c i s i o n s  on  t h e i r  
own e n e r g y  s t r a t e g i e s  h a v e  w o r l d w i d e  r e p e r c u s s i o n s .  I t  i s  
e x a c t l y  t h e s e  l o n g - t e r m  a n d  g l o b a l  a s p e c t s  o f  t h e  e n e r g y  
p r o b l e m  w h i c h  a r e  t h e  s p e c i a l  c o n c e r n  o f  t h e  a n a l y s i s  
d e s c r i b e d  i n  t h i s  p a p e r .  
Bu t  p o l l u t i o n  d o e s  n o t  a f f e c t  t h e  w o r l d  o r  n a t i o n s  a t  
a n  a g g r e g a t e  l e v e l .  Most a i r  p o l l u t i o n  is a h i g h l y  
l o c a l i z e d  p r o b l e m  a f f e c t i n g  u r b a n  r e g i o n s ,  a n d  w a t e r  
p o l l u t i o n  is c o n f i n e d  t o  s p e c i f i c  r i v e r  b a s i n s .  The 
d i s p o s a l  o f  s o l i d  w a s t e s  a n d  s l u r r i e s  c o m p e t e s  f o r  l a n d  w i t h  
a g r i c u l t u r e ,  u r b a n  d e v e l o p m e n t  a n d  l e i s u r e  a c t i v i t i e s .  
C o n c e r n  f o r  t h e  q u a l i t y  o f  t h e  e n v i r o n m e n t  r e i n f o r c e s  t h e  
a r g u m e n t s  made e a r l i e r  i n  r e s p e c t  t o  t h e  d i s t r i b u t i o n  a n d  
end-use of energy for introducing a spatial dimension to the 
energy supply model. Account must be taken of 
- meteorological conditions; 
- settlement patterns; 
- land-use; and 
- topography; 
if all of the environmental aspects are to be treated in 
detail. Figure 12 shows the interdependence of the energy 
system and the environment. 
PRIMARY - SECONDARY r 
ENERGY CENTRAL ENERGY TRANSPORT ENERGY ) STATION ) AND HOUSEHOLDS 
CONVERSION DISTRIBUTION 
Figure 12 Lnergy ana the environment 
Clearly, though, we must not lose sight of the fact 
that the main concern of modelling effort of IIASA's Energy 
Systems Program is the examination of possible future -- energy 
supply strategies. In striking a compromise between the 
desire to model all the many facets of the energy supply 
problem, including the constraints on energy supply imposed 
by the environment, and the necessity of limiting the model 
to a manageable size, it will not be possible to do justice 
to all aspects of the environmental pollution problem. A 
certain level of aggregation is inevitable but this should 
not be so high that the constraints that the environment 
imposes on the energy supply system are neglected. These 
constraints may prove to be more stringent than those 
imposed by resource or capital availability. 
The impact of the energy supply system on the 
environment can be reduced in many ways. In theory, all of 
the possibilities should be reflected within the model but 
in practice we find that some of them lie outside the scope 
of MESSAGE even when included in the broad context of the 
energy modelling effort of IIASA's Energy Systems Program. 
A classification of various possibilities of achieving a 
reduction of environmental impacts (together with some 
typical examples) is listed in Table 5. 
Some of these methods are aimed at reducing emissions 
directly (cleansing of escape gases), or indirectly 
(conservation of energy), while others are directed at 
reducing the impact of emissions (location). The complex 
system nature of the interaction of energy supply and the 
environment is illustrated by examining the possibilities 
for reducing impacts. Locating coal power stations away 
from centres of population reduces the impact of SO2 
emissions to the air but the visual intrusion of land 
requirements for transmission lines is increased. 
Additionally, energy losses in transporting electricity mean 
that more coal is required, increasing water pollution at 
the place of extraction and the amount of C02 discharged 
into the atmosphere. 14 Modern techniques for 
desulphurisation of escape gases are both untried and 
expensive. They also pose a non-trivial solid waste 
disposal problem. 
14 A method for the desulphurisation of escape gases at 
Battersea power station, in operation as early as 1932, 
causes a water pollution more serious than the 
atmospheric pollution it was designed to resolve. 
Table 5 Reducing the environmental impact of energy 
supply 
modification of existing techniques lower burning temperatures reducing 
NOx (and primary effficiency) 
fuel substitution change to lower sulphur content coal/oil 
technological substitution change from fossil based technologies 
to nuclear or solar 
cleansing of fuel inputs removal of H2S from natutal gas 
removal of sulphur from oil 
cleansing of escape gases removal of SO2 and particulate matter 
from stack gases 
conservation of energy increasing the overall primary efficiency 
in the series of conversion processes 
from primary sources to final utilisation 
recycling of residuals better insulation standards 
energy generation from solid wastes 
utilisatlon of waste heat district heating systems 
open field agriculture 
emission substitution cooling towers discharging waste heat 
into the air instead of into waterways 
better dispersion of residuals building taller stacks for power plants 
location siting power plants, oil refineries etc. 
away from centres of population 
Environmental pollution 
-------- - - . . - - - - 
The supply of energy causes many different types of 
negative impacts on the environment and society. These can 
be classified roughly as follows: 
- atmospheric pollution; 
- water pollution; 
- land requirements; 
- radio-nuclear pollution; 
- solid wastes; 
- o c c u p a t i o n a l  a c c i d e n t s .  
The s u p p l y  o f  e n e r g y  i s  n o t  d i r e c t l y  r e s p o n s i b l e  f o r  
a l l  o f  t h e s e  i m p a c t s  b u t  i t s  r o l e  i n  many i s  d o m i n a n t .  Some 
9 0 %  o f  a t m o s p h e r i c  e m i s s i o n s  o f  t o x i c  s u b s t a n c e s  a n d  a l l  
t h e r m a l  p o l l u t i o n  is d u e  t o  t h e  c o n v e r s i o n  and  u s e  o f  
e n e r g y .  Wate r  p o l l u t i o n  f r o m  e n e r g y  s o u r c e s  i s  n o t  a s  
i m p o r t a n t ,  e x c e p t  a t  t h e  p l a c e  o f  e x t r a c t i o n  b o t h  o f  f o s s i l  
f u e l s  a n d  o f  n a t u r a l  u r a n i u m  a n d  t h o r i u m  ( a n  e x c e p t i o n ,  o f  
c o u r s e ,  b e i n g  t h e  t h e r m a l  p o l l u t i o n  o f  w a t e r w a y s  a n d  
p o l l u t i o n  o f  t h e  o c e a n s  w i t h  w a s t e  o i l  a n d  f r o m  a c c i d e n t a l  
s p i l l s ) .  S i n c e  t h e  n u c l e a r  t e s t  b a n  on a t m o s p h e r i c  tes ts ,  
n u c l e a r  b a s e d  e n e r g y  s u p p l y  s y s t e m s  h a v e  b e e n  r e s p o n s i b l e  
f o r  m o s t  o f  t h e  r a d i o - n u c l e a r  p o l l u t i o n  f r o m  man-made 
s o u r c e s .  
If t h e  number o f  p o l l u t a n t s  is n u m e r o u s ,  s o  is  t h e  
manner  i n  w h i c h  t h e y  a f f e c t  t h e  e n v i r o n m e n t .  G e n e r a l l y  
a t m o s p h e r i c  p o l l u t a n t s  a r e  t o x i c  s u b s t a n c e s  (S02,CO) c a u s i n g  
damage t o  h e a l t h ,  c r o p s  and  m a t e r i a l .  B u t  s i n c e  t h e y  a r e  
n o t  u s u a l l y  i n e r t ,  t h e i r  t o x i c  e f f e c t  d e c a y s  d u e  t o  
t r a n s f o r m a t i o n  a n d  d e p o s i t i o n ,  c o n f i n i n g  t h e  i m p a c t  t o  t h e  
l o c a l  e n v i r o n m e n t  a r o u n d  t h e  p o i n t  o f  e m i s s i o n .  Some 
a t m o s p h e r i c  p o l l u t a n t s ,  h o w e v e r ,  a r e  r e l a t i v e l y  i n e r t  a n d  
t h e i r  c o n c e n t r a t i o n  w i l l  g r a d u a l l y  b u i l d  up  i n  t h e  
a t m o s p h e r e  ( i n  t h e  c a s e  o f  C02 c a u s i n g  p o s s i b l e  a n d  s e r i o u s  
g l o b a l  c h a n g e s  i n  t h e  c l i m a t e ) .  
An i n d i c a t i o n  o f  t h e  s c a l e  o f  t h e  e f f e c t  f r o m  a  
s e l e c t i o n  o f  t h e  m o s t  i m p o r t a n t  r e s i d u a l  d i s c h a r g e s  f r o m  
e n e r g y  s u p p l y  s y s t e m s  is  shown i n  T a b l e  6 .  
M o d e l l i n g  -- t h e  - e n v i r o n m e n t  - i n  MESSAGE 
A s  we p o i n t e d  o u t  e a r l i e r ,  i f  t h e  s i z e  o f  t h e  mode l  is  
n o t  t o  become u n m a n a g e a b l e ,  i t  i s  n e c e s s a r y  t o  make some 
p r a g m a t i c  s i m p l i f i c a t i o n s  i n  o r d e r  t o  make a  s t a r t  i n  t h e  
m o d e l l i n g  o f  t h e  e n v i r o n m e n t a l  i m p a c t s .  W e  b e g i n  by 
c l a s s i f y i n g  t h e  r e s i d u a l  d i s c h a r g e s  a c c o r d i n g  t o  t h e  way i n  
w h i c h  t h e y  a r e  h a n d l e d  i n  t h e  mode l .  T h i s  c l a s s i f i c a t i o n  
r e f l e c t s  t h e  r e l a t i v e  i m p o r t a n c e  o f  t h e  i m p a c t s  c a u s e d  by 
t h e  r e s i d u a l  d i s c h a r g e  i n  r e l a t i o n  t o  t h e  e n e r g y  s u p p l y  a s  
w e l l  a s  t h e  manner  i n  w h i c h  t h e  i m p a c t s  a r i s e .  
A t o x i c  a t m o s p h e r i c  e m i s s i o n s  w i t h  l o c a l  i m p a c t  
i n c l u d i n g  s h o r t - l i v e d  r a d i o - n u c l e a r  i s o t o p e s  
- s u l p h u r  o x i d e s ;  
- n i t r o g e n  o x i d e s ;  
Table  6 S c a l e  of e f f e c t  of p o l l u t a n t s  r e l a t e d  t o  energy 
use  
p o l l ~ t a n t  i o c a l  r e g i o n a l  (wea ther )  ( l l e a l t n )  
LU;L 
LU xx 
par r ; l c u ~ a t e s  Xx X 
toxic ~rle t a l s  X 
s n o r t  l l v e h  r a a i o i ~ o t o p e s  XX X 
l o n g  11 V ~ U  r a ~ i o i s o t o p e s  
near; XX X 
- p a r t i c u l a t e s ;  
- carbon monoxide; 
- xenon 133. 
B emiss ions  of r e l a t i v e l y  long- l ived  rad io -nuc lea r  
i s o t o p e s  t o  t h e  atmosphere and water  whose 
impact w i l l  have g l o b a l  consequences 
- t r i t i u m ;  
- krypton.  
C t h e  emission of C02. 
D occupa t i ona l  a c c i d e n t s .  
E a l l  o t h e r  r e s i d u a l  d i s c h a r g e s  
- water  p o l l u t i o n ;  
- thermal  p o l l u t i o n ;  
- l and  requ i rements ;  
- s o l i d  was tes ;  
- atmospher ic  p o l l u t a n t s  no t  i n  A above; 
- rad io -nuc lea r  p o l l u t a n t s  n o t  i n  A or  B above. 
The e m i s s i o n s  of g r o u p s  A and B above  a r e  c o n v e r t e d  t o  
a v e r a g e  a m b i e n t  g round l e v e l  c o n c e n t r a t i o n s ,  u s i n g  a  s i m p l e  
d i s p e r s i o n  model f o r  t h e  l o c a l  e f f e c t s  and d i l u t i o n  f a c t o r s  
f o r  t h e  g l o b a l  e f f e c t s .  A model o f  p o p u l a t i o n  d i s t r i b u t i o n  
r e l a t e s  t h e  c o n c e n t r a t i o n s  of  g r o u p  A t o  t h e  l o c a l  
p o p u l a t i o n ,  whe reas  t h e  g l o b a l  c o n c e n t r a t i o n s  o f  g r o u p  B can  
be e x p e c t e d  t o  a f f e c t  e q u a l l y  t h e  e n t i r e  wor ld  p o p u l a t i o n .  
While mos t  c l i m a t o l o g i s t s  a g r e e  t h a t  C02 e m i s s i o n s  w i l l  
change  t h e  c l i m a t e ,  l i t t l e  ag reemen t  h a s  been r e a c h e d  on t h e  
l i k e l y  s c a l e  of  t h e s e  i m p a c t s ,  t o  s a y  n o t h i n g  a b o u t  
a s s e s s i n g  t h e  p o s s i b l e  damage t o  man ' s  env i ronmen t  which 
c o u l d  be c a u s e d  by g l o b a l  c l i m a t i c a l  change.  I n t r o d u c i n g  
c o n s t r a i n t s  on C02 d o e s  n o t  t h e r e f o r e  c o r r e s p o n d  t o  s e t t i n g  
s t a n d a r d s  on t h e  l e v e l  o f  e m i s s i o n s  o f  t o x i c  s u b s t a n c e s  b u t  
o n l y  g i v e s  a n  i d e a  of what it c o u l d  " c o s t "  t o  r e d u c e  t h e  
l e v e l  o f  C02 by a  c e r t a i n  p e r c e n t a g e .  
The r e s i d u a l  d i s c h a r g e s  of  g r o u p  E a r e  t r e a t e d  i n  t h e  
same way t h a t  we t r e a t  e m i s s i o n s  o f  C02 b u t  w i t h  t h i s  
d i f f e r e n c e :  s e p a r a t e  s u b t o t a l s  a r e  k e p t  f o r  ( a )  t h e  c e n t r a l  
s t a t i o n  t e c h n o l o g i e s l 5 ,  ( b )  i n d u s t r y  and ( c )  r e s i d e n t i a l ,  
commerc ia l  and t r a n s p o r t .  
Emiss ion  i n v e n t o r i e s  
- - .- -. --  - - .- -- - 
Normal o p e r a t i o n  of  t h e  c e n t r a l i s e d  and end-use 
t e c h n o l o g i e s ,  deno ted  by t h e  v e c t o r s  x  and  u  r e s p e c t i v e l y ,  
is accompanied by a d i s c h a r g e  o f  e m i s s i o n s .  
L e t  Ex and  E u  be m a t r i c e s  g i v i n g  t h e  e m i s s i o n s  caused  
by u n i t  o p e r a t i o n  of x  and u.  E x  and E U  can  now be f u r t h e r  
p a r t i t i o n e d  c o r r e s p o n d i n g  t o  t h e  5  g r o u p s  of  d i s c h a r g e s  s e t  
o u t  above.  E s p e c i a l l y  i n  t h e  c a s e  of  g r o u p  A ,  b u t  a l s o  f o r  
g r o u p  D ,  t h e  manner of e m i s s i o n  is of c o n s i d e r a b l e  
i m p o r t a n c e .  S i n c e  w e  d i s t i n g u i s h  between c e n t r a l i s e d ,  
i n d u s t r i a l  and a r e a  d i s c h a r g e  it is n e c e s s a r  t o  p a r t i t i o n  u  3 i n t o  i n d u s t r i a l  and o t h e r  u s e r s ,  {u2  : u  ) ,  t h e  i ndex  2  
d e n o t i n g  i n d u s t r i a l  and t h e  i n d e x  3 a r e a  e m i s s i o n  s o u r c e s .  
The index  1 d e n o t e s  e m i s s i o n s  f rom c e n t r a l  s t a t i o n  
c o n v e r s i o n .  
1 5  The c e n t r a l  s t a t i o n  t e c h n o l o g i e s  c a n  be e x p e c t e d  t o  
c o n t r o l  t h e  manner i n  which t h e y  make d i s c h a r g e s  and 
a l s o  t o  be l o c a t e d  i n  a  way which m i n i m i s e s  t h e  
e n v i r o n m e n t a l  impac t .  USA s t a n d a r d s ,  f o r  i n s t a n c e ,  
p r e v e n t  t h e  l o c a t i o n  of  n u c l e a r  power s t a t i o n s  w i t h i n  
5Qkm of l a r g e  c e n t r e s  of  p o p u l a t i o n .  
The total yearly emission rates are then given by: 
where 
eAS are residuals in group A for population density 
class r and of emission type s (=I, 2 or 3) ; 
eg are relatively long-lived radio-isotopes; 
ec is the emission of C02; 
e~ are the total occupational accidents; 
es are residuals in group E for emission type s. 
Environmental impacts 
-- ---- -. - -  
We now show how the emissions described above can be 
translated into impacts to the environment. 
Grouw --A A - impacts: -. - In the case of emissions of group A 
(SO2 etc.), where the impacts are local or sub-regional, 
emissions must first be converted to ambient concentrations 
and the ambient concentrations then related to the 
population. A method for assessing the regional impact of 
atmospheric emissions developed at IIASA by Dennis [13] is 
a d o p t e d .  From t h e  e m i s s i o n  i n v e n t o r y  d e s c r i b e d  a b o v e ,  w e  
h a v e  t h e  e m i s s i o n s  f o r  e a c h  p o p u l a t i o n / e n e r g y  d e n s i t y  c l a s s  
d i s a g g r e g a t e d  b y  e n i s s i o n  s o u r c e  t y p e .  A s  m e n t i o n e d  a b o v e ,  
t h e  d i s t i n c t i o n  is  made b e t w e e n  area s o u r c e s ,  medium l e v e l  
p o i n t  s o u r c e s  a n d  h i g h  l e v e l  s o u r c e s .  (See F i g u r e  1 3 . )  The  
i m p o r t a n c e  o f  m a k i n g  t h i s  d i s t i n c t i o n  is i l l u s t r a t e d  b y  t h e  
es t imates  shown i n  T a b l e  7 o f  t h e  r e l a t i v e  i n f l u e n c e  o f  
e m i s s i o n s  t o  a m b i e n t  c o n c e n t r a t i o n s .  T h e s e  a re  much h i g h e r  
(a f a c t o r  o f  6 6 )  f o r  l o w  l e v e l  area  s o u r c e s  t h a n  f o r  
e m i s s i o n s  r e l e a s e d  by  h i g h  s t a c k s .  
F i g u r e  1 3  E m i s s i o n  s o u r c e s  
D e n n i s  [ 1 3 ]  s u g g e s t s  t h a t  a d e t a i l e d  d i s p e r s i o n  m o d e l  
f o r  c a l c u l a t i n g  a n b i e n t  c o n c e n t r a t i o n s  is o f t e n  u n n e c e s s a r y  
i n  a s s e s s i n g  t h e  r e g i o n a l  impacts o f  a i r  p o l l u t i o n  f r o m  
e n e r g y  s u p p l y  s y s t e m s  a n d  s u p p o r t s  t h i s  w i t h  some e m p i r i c a l  
f i n d i n g s  f o r  a number o f  N o r t h  A m e r i c a n  c i t i e s .  B a s i c a l l y  
h i s  a r g u m e n t  is  t h a t ,  s i n c e  p o p u l a t i o n s  are  m o b i l e  ( i . e .  
commut ing  f r o m  home t o  w o r k - p l a c e )  , a v e r a g e  d o s e  r a t e s  
T a b l e  7 R e l a t i v e  impact  o f  e m i s s i o n  s o u r c e  on ambient  
c o n c e n t r a t i o n  
r e l a t i v e  i n k l u e n c e  
s o u r c e  d r o o ~ n a v e n  IIASA e s t i m a t e  
estimate ( w i s c o n s i n )  
a r e a  s o u r c e  7 66 
n i g n  level s o u r c e  ( c e n t r a l )  1 
s t a t i o n  c o n v e r s i o n )  
c o n t r i u u t i o n  t o  ambient  SO2 f rom s o u r c e  p e r  u n i t  e m i s s i o n  
r i i  = 
c o n c r i o u t i o n  t o  a m ~ i e n t  Su2 from c o a l  power p l a n t  p e r  u n i t  e m i s s i o n  
t h r o u g h o u t  an  urban  a r e a  c a n  be used .  F u r t h e r ,  he a r g u e s  
t h a t  a  s i n g l e  d i s p e r s i o n  f a c t o r  f o r  each  t y p e  o f  e m i s s i o n  
s o u r c e  c a n  b e  a p p l i e d  t o  t o t a l  u r b a n  e m i s s i o n s  t o  d e r i v e  a  
s p a t i a l l y  ave raged  g r o u n d - l e v e l  a i r  p o l l u t i o n  c o n c e n t r a t i o n  
f o r  t h e  u rban  a r e a  
T h i s  c a n  be summarised a s  f o l l o w s  ( f o r  c l a r i t y  of  
e x p o s i t i o n ,  o n l y  one  e m i s s i o n  ' t ype  and one f i n i t e  u rban  a r e a  
a r e  d e f i n e d )  : 
I f  
eS is t h e  r e s i d u a l  d i s c h a r g e  f o r  e m i s s i o n  t y p e  s;  
cs i s  t h e  t h e  u rban  c o n c e n t r a t i o n  due  t o  e m i s s i o n  
s o u r c e  s; 
d s  is  t h e  u rban  d i s p e r s i o n  f a c t o r  f o r  s o u r c e  s; 
b  i s  t h e  ( r u r a l )  background c o n c e n t r a t i o n ;  
t h e n  t h e  t o t a l  c o n c e n t r a t i o n ,  q ,  i s  g i v e n  by 
c s  b e i n g  g i v e n  by 
The i m p l i c a t i o n s  of  t h e s e  f i n d i n g s  a r e  i m p o r t a n t .  They 
imp ly  t h a t  n o t  t h e  r a t e  o f  e m i s s i o n s  p e r  a r e a ,  b u t  t h e  
a b s o l u t e  l e v e l  o f  e m i s s i o n s  i n  an  u r b a n  a r e a  is t h e  r e l e v a n t  
i n d i c a t o r  t o  u s e  i n  a s s e s s i n g  l o c a l  i m p a c t s .  O b v i o u s l y ,  an 
u rban  a r e a  w i t h  a  h i g h  o v e r a l l  p o p u l a t i o n  d e n s i t y  (and 
t h e r e f o r e  h i g h  e m i s s i o n  d e n s i t y )  w i l l  e x p e r i e n c e  h i g h e r  
a v e r a g e  ambien t  c o n c e n t r a t i o n s  t h a n  a  c i t y  o f  i d e n t i c a l  
p o p u l a t i o n  (and  e m i s s i o n s )  b u t  d i s t r i b u t e d  a t  a  lower  
d e n s i t y .  N e v e r t h e l e s s ,  Denn i s  h a s  o n l y  o b s e r v e d  a c t u a l  
d e v i a t i o n s  o f  up  t o  1 0 %  from r e s u l t s  o f  h i s  s i m p l e  
d i s p e r s i o n  model .  A v i s u a l  r e p r e s e n t a t i o n  o f  t h e  s i n g l e  
e x p o s u r e  l e v e l  a s s o c i a t e d  w i t h  e a c h  u rban  a r e a  is shown i n  
F i g u r e  1 4 .  
- 
Concentration 
F i g u r e  14  Smeared u rban  p o l l u t i o n  c o n c e n t r a t i o n  
The a r g u m e n t s  s e t  o u t  above  do  n o t  mean t h a t  
p o p u l a t i o n - e n e r g y - e m i s s i o n  d e n s i t i e s  p l a y  no r o l e  i n  
d e t e r m i n i n g  t h e  l e v e l  o f  p o p u l a t i o n  i m p a c t ,  e i t h e r  i n  ou r  
model o r  i n  r e a l i t y .  La rge  u r b a n  a r e a s  w i l l  a l s o  have  a  
l a r g e  p r o p o r t i o n  of  t h e i r  p o p u l a t i o n  l i v i n g  a t  h i g h  
d e n s i t i e s .  B u t ,  i n  a d d i t i o n ,  w e  must  a l s o  t a k e  a c c o u n t  o f  
t h e  a b s o l u t e  s i z e  o f  u r b a n  a r e a s .  L e t  u s  s u p p o s e  t h a t  t h e  
p o p u l a t i o n  of  a  r e g i o n  is d i s t r i b u t e d  i n  u r b a n  a r e a s  o f  
v a r i o u s  s i z e s  and t h a t  t h e s e  have  been r anked  a c c o r d i n g  t o  
size; further, that the population of each urban area is 
divided into a number of classes with the same range of 
population density as given below 
population density 
urban 
rank I high medium low rural I total I 
rural 1 0 0 0 Prural 1 Prurall 
................................................ 
total I pi PZ ~rural I P: 1 
where 
pi is the population of the urban area of rank i 
within the population energy density class r; 
* as usual denotes summation over an index. 
If we assume that the level of useful energy demand is 
proportional to populations and that the structure of end- 
use technologies is the same within each density class for 
all cities, then we can also assume that emissions will be 
proportional to populations within each density class. 16 
The emissions occurring in the ith city within the rth 
density class emitted from source type s is given by 
and the total emissions occurring in city i is given by: 
16 This is a bold simplification since some small urban 
areas might be heavily industrialised whereas in larger 
ones administration might predominate. 
The ambien t  c o n c e n t r a t i o n  i n  c i t y  i i s  t h e n  g i v e n  by 
a p p l y i n g  t h e  s i m p l e  d i s p e r s i o n  model d e s c r i b e d  above :  
The t o t a l  p o p u l a t i o n  impac t  c a n  now be d e t e r m i n e d  by 
m u l t i p l y i n g  t h e  a m b i e n t  c o n c e n t r a t i o n s  of e a c h  c i t y  w i t h  t h e  
p o p u l a t i o n  and summing: 
* impac t  = Sqipi ( 3 9 )  
T h e r e  is a  s i m i l a r  e x p r e s s i o n  f o r  e a c h  of  t h e  e m i s s i o n s  
l i s t e d  under  g r o u p  A above.  
I t  r e m a i n s  t o  be  shown how t h e  d i s t r i b u t i o n  of 
p o p u l a t i o n  i n  u rban  a r e a s  c a n  be d e r i v e d .  For a  s m a l l  
number of d e v e l o p e d  c o u n t r i e s ,  s t a t i s t i c s  a r e  a v a i l a b l e  from 
which p f ,  a s  d e f i n e d  a b o v e ,  c a n  be t a k e n  d i r e c t l y .  But  even  
f o r  t h e  USA. t h i s  i n f o r m a t i o n  is n e i t h e r  c o l l e c t e d  c e n t r a l l y  
nor  r e a d i l y  a v a i l a b l e .  S e e ,  f o r  i n s t a n c e ,  t h e  d i s c u s s i o n  i n  
[ 1 4 ] .  Not o n l y  is  t h i s  s o r t  o f  i n f o r m a t i o n  even  less  
r e a d i l y  a v a i l a b l e  f o r  t h e  d e v e l o p i n g  c o u n t r i e s ,  b u t  t h e  
d i s t r i b u t i o n  of  p o p u l a t i o n  c a n  be e x p e c t e d  t o  change  r a p i d l y  
d u e  t o  a  s h i f t  f rom r u r a l  t o  u rban  a r e a s .  I t  is t h e r e f o r e  
n e c e s s a r y  t o  d e v e l o p  a  model o f  p o p u l z t i o n  d i s t r i b u t i o n ;  i n  
t h e  c a s e  o f  d e v e l o p e d  c o u n t r i e s  t o  f i l l  i n  m i s s i n g  d a t a  and 
f o r  t h e  d e v e l o p i n g  world  t o  model f u t u r e  change .  
The c l a s s i c a l  model o f  t h e  s p a t i a l  d i s t r i b u t i o n  of  
p o p u l a t i o n  i s  t h a t  o f  C l a r k  [15 ]  who p o s t u l a t e s  t h a t  u r b a n  
d e n s i t y  d e c l i n e s  e x p o n e n t i a l l y  w i t h  d i s t a n c e  f rom t h e  c i t y  
c e n t r e .  I t s  v a l i d i t y  h a s  o f t e n  been  d e m o n s t r a t e d  
e m p i r i c a l l y  a n d ,  r e c e n t l y ,  t h e o r e t i c a l  i n t e r p r e t a t i o n s  have  
been g i v e n  [161 .  Using t h i s  model ,  w e  c a n  w r i t e  down t h e  
t o t a l  p o p u l a t i o n  c o n t a i n e d  w i t h i n  any  c o n c e n t r i c  c i r c l e  of  
r a d i u s  r  a s :  
w h e r e  
d g  i s  t h e  e x t r a p o l a t e d  d e n s i t y  a t  t h e  c e n t r e ;  and 
$ is t h e  e x p o n e n t i a l  r a t e  o f  d e c l i n e  o f  d e n s i t y  
w i t h  d i s t a n c e  f r o m  t h e  c e n t r e .  
The n e g a t i v e  e x p o n e n t i a l  model  o f  u r b a n  d e n s i t y  
g r a d i e n t s  g i v e s  t h e  d i s t r i b u t i o n  o f  p o p u l a t i o n  w i t h i n  a n  
u r b a n  a r e a ;  a  model  o f  t h e  d i s t r i b u t i o n  o f  c i t y  s i z e  i s  
n e c e s s a r y  t o  c o m p l e t e  t h e  e s t i m a t i o n  o f  p i .  The a n a l y s i s  o f  
c i t y  s i z e  d i s t r i b u t i o n s  h a s  shown t h a t  t h e r e  is u s u a l l y  a  
r e m a r k a b l e  r a n k - s i z e  r e g u l a r i t y  [ 1 7 ] .  ( S e e  F i g u r e  1 5 . )  T h i s  
c a n  be  e x p r e s s e d  a s  f o l l o w s :  
w h e r e  
i i s  t h e  r a n k  o f  a  c i t y ;  
P i  is t h e  p o p u l a t i o n  o f  t h e  c i t y  w i t h  r a n k  i;  
is t h e  p o p u l a t i o n  o f  t h e  l a r g e s t  c i t y ;  
Y is a  c o n s t a n t .  
By a s s u m i n g  t h a t  t h e  d i s t r i b u t i o n  o f  c i t i e s  w i t h i n  a  r e g i o n  
c a n  be  g i v e n  by t h e  r a n k - s i z e  r u l e  a n d  t h e  p o p u l a t i o n  
d e n s i t y  w i t h i n  c i t i e s  by t h e  n e g a t i v e  e x p o n e n t i a l  
d i s t r i b u t i o n ,  i t  is p o s s i b l e  t o  d e f i n e  t h e  s m a l l  number o f  
p o p u l a t i o n  d e n s i t y  c l a s s e s  f o r  e a c h  c i t y  r e q u i r e d  f o r  t h e  
a n a l y s i s  b o t h  o f  t h e  e n v i r o n m e n t a l  i m p a c t s  and o f  t h e  
p o s s i b i l i t i e s  o f  i n t r o d u c i n g  d i s t r i c t  h e a t i n g .  
G r o u p  - B a n d  - C i m p a c t s :  The b u i l d u p  o f  r a d i o - i s o t o p e s  
and C 0 2  i n  t h e  a t m o s p h e r e  is g i v e n  by 
where  
d B  is t h e  d e c a y  f a c t o r  o v e r  t h e  p e r i o d  6 t  ( r e l a t e d  t o  t h e  h a l f  l i f e  o f  t h e  r a d i o -  
i s o t o p e )  ; 
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Figure 15 Rank ordering of standard metropolitan areas in 
England [23] 
m g  (t) , mc (t) are the amounts of pollutants B and 
C at time t. 
The vector m2(t) is related by the dilution factors 
sw to ground level atmospheric and surface water 
concentrations respectively to give us the the environmental 
impacts (in physical terms) which can now be written down as 
follows: 
Group B impacts must be divided into two sub-sections, 
namely the concentration of radio-isotopes in air and water: 
a) the concentration of radio-isotopes in surface 
water (~i/cm3) which is given by Beller [18]17 
-- b)  the  atmospheric concentrat ion of radio- isotopes 
a t  ground l e v e l  ( ~ i / c m 3 )  given by 
impact ( a i r  ) = s i m B  ( t  [ci/cm31 ( 4 4 )  
Groue C impacts: The tons of C 0 2  i n  the  atmosphere, a re  
-- --- 
given Ly 
impactC = eC ( t )  [ tons ]  (45) 
Group D impacts: - T h e  number of occupational ' acc iden t s ,  a re  
given Ey ; 
impactD = e&) [number of acc idents ]  ( 4 6  
Group E imwacts: The atmospheric impacts not included i n  
-_.- A__ . -  
groups A and B ,  a re  given by 
S impactE = e E  [ tons ]  ( 4 7 )  
Abatement technologies  -- - - -  for  - reducing atmos_eheric ---- po l lu t ion  - - - -  
Several  methods a r e  ava i l ab le  or a r e  being developed t o  
reduce the discharge of r e s idua l s  from f o s s i l  f u e l s .  The 
importance of these techniques is  l i k e l y  t o  increase over 
the next few decades a s  the  gas and o i l  reserves run out  and 
dependency on coal  fo r  f o s s i l  f u e l  increases .  Without the 
in t roduct ion  of abatement procedures, the  OECD [ 1 9 ]  have 
estimated t h a t  the projected emissions of sulphur and 
ni t rogen oxides w i l l  almost double during the  period 
1968-1980. Even i f  the  nuclear option is  taken and i t s  
development acce le ra ted ,  the importance of coa l  a s  a major 
source of energy i s  more l i k e l y  t o  increase  than decrease; 
without abatement techniques,  s o  w i l l  t he  damage caused by 
S02. 
1 7  He gives  a d i l u t i o n  fac to r  fo r  t r i t i u m  of 4.3*1024cm3 is  
given, which assumes d i l u t i o n  t o  a depth of 75 cm i n  
oceans and atmospheric and surface water. For Kr-85, a 
d i l u t i n g  mass of 4.3*1024cm3 of a i r  is given. 
A l i s t  o f  some t e c h n o l o g i c a l  m e t h o d s  ( a b a t e m e n t  i s  t o o  
n a r r o w  a  t e r m )  f o r  r e d u c i n g  r e s i d u a l  d i s c h a r g e  i n c l u d e s  t h e  
f o l l o w i n g :  
- f u e l  s u b s t i t u t i o n ;  
- p a r t i c u l a t e  c o l l e c t i o n ,  f l u e  g a s  s c r u b b i n g  and  
d e s u l p h u r i s a t i o n ;  
- d e s u l p h u r i s a t i o n  o f  o i l  ( r e s i d u a l s  and  
d i s t i l l a t e s )  and  m e c h a n i c a l  d e s u l p h u r i s a t i o n  o f  
c o a l  ; 
- f l u i d i s e d  bed c o m b u s t i o n  o f  c o a l ;  
- g a s i f i c a t i o n  and  l i q u e f a c t i o n  o f  c o a l .  
F u e l  s u b s t i t u t i o n  --
A t  l e a s t  8 0 %  o f  t h e  known c o a l  r e s e r v e s  o f  t h e  USA a r e  
o f  medium t o  h i g h  s u l p h u r  c o n t e n t .  T h u s  i n  v i e w  o f  SO2 
e m i s s i o n s ,  f u e l  s u b s t i t u t i o n  i s  n o t  a  m a j o r  o p t i o n  ( a t  l e a s t  
f o r  t h e  U.S.A.) e x c e p t  i n  t h e  s h o r t  term w h i l e  n a t u r a l  g a s  
r e s e r v e s  and  l o w  s u l p h u r  c r u d e  o i l s  a r e  s t i l l  a v a i l a b l e .  
The p o s s i b i l i t i e s  a r e  g r e a t e r  i n  E u r o p e  w h e r e  t h e  c o a l  
r e s e r v e s  g e n e r a l l y  h a v e  a  l o w e r  s u l p h u r  c o n t e n t  t h a n  
r e s i d u a l  o i l ,  b u t  a s  s t a n d a r d s  a r e  t i g h t e n e d  t h e s e  t o o  w i l l  
b e  i n  g r e a t  demand and  s h o r t  s u p p l y .  S u b s t i t u t i o n  a l o n e  
s h o u l d  n o t  a l l e v i a t e  t h e  o v e r a l l  s u l p h u r  e m i s s i o n  p r o b l e m .  
C l e a n s i n g  of -- s t a c k  g a s e s  
P a r t i c u l a t e  c o l l e c t i o n :  I t  is t e c h n i c a l l y  f e a s i b l e  t o  
remove o v e r  99% o f  p a r t i c u l a t e s  a n d  a l t h o u g h  t h e  c o s t s  
i n v o l v e d  - b o t h  c a p i t a l  a n d  o p e r a t i o n a l ,  b u t  e s p e c i a l l y  
s o l i d  w a s t e  d i s p o s a l  - a r e  s u b s t a n t i a l ,  t h e y  a r e  s m a l l  i n  
c o m p a r i s o n  t o  f u e l  c o s t s  a n d  g e n e r a t i n g  e q u i p m e n t .  I n  
MESSAGE i t  is assumed  t h a t  a l l  c e n t r a l i s e d  c o n v e r s i o n  
t e c h n o l o g i e s  w i l l  u s e  d e v i c e s  which  remove a t  l e a s t  90% o f  
s o l i d s  ( i . e .  u s i n g  e l e c t r o s t a t i c  p r e c i p i t a t o r s )  . 
D e s u 9 h u r i s a t i o n  o f  f l u e  - gases: .- - T h e s e  c a n  b e  c l a s s i f i e d  
a s  throwaway o r  r e c o v e r y  t e c h n i q u e s .  I n  throwaway 
t e c h n i q u e s ,  t h e  s u l p h u r  o x i d e s  a r e  c o n v e r t e d  i n t o  v a r i o u s  
s u l p h a t e s  a n d  s u l p h i t e s  w h i c h  a r e  t h e n  d i s p o s e d  o f  a s  w a s t e  
m a t e r i a l .  R e c o v e r y  s y s t e m s  p r o d u c e  e i t h e r  s u l p h u r  o r  
s u l p h u r i c  a c i d  b o t h  o f  w h i c h  h a v e  a  c o m m e r c i a l  v a l u e .  
A t  t h e  p r e s e n t  time t h r e e  m e t h o d s  l o o k  m o s t  p r o m i s i n g  
- w e t  l i m e / l i m e s t o n e  s c r u b b i n g ;  
- w e t  magnes ium o x i d e  (MgO) s c r u b b i n g ;  a n d  
- c a t a l y t i c  o x i d i s a t i o n  (CAT-OX) . 
Wet l i m e / l i m e s t o n e  s c r u b b i n g  i s  a t  p r e s e n t  t h e  m o s t  
d e v e l o p e d  p r o c e s s .  I t  u s e s  lime o r  l i m e s t o n e  t o  a b s o r b  t h e  
s u l p h u r  o x i d e s ,  t h e  e n d  p r o d u c t  b e i n g  l a r g e  q u a n t i t i e s  o f  
l i q u i d  s l u d g e .  T h e  d i s p o s a l  o f  t h i s  s l u d g e  p o s e s  v e r y  
s e r i o u s  waste d i s p o s a l  p r o b l e m s .  Magnes ium s u l p h i t e ,  w h i c h  
i s  a l so  p r o d u c e d ,  is s o l u b l e  i n  water a n d  c o u l d  l e a c h  i n t o  
g r o u n d  water. A r e d u c t i o n  o f  a b o u t  9 0 %  o f  s u l p h u r  o x i d e s , '  
9 9 %  o f  p a r t i c u l a t e  matter a n d  20% o f  n i t r o g e n  o x i d e s  c a n  b e  
e x p e c t e d  by l i m e / l i m e s t o n e  s c r u b b i n g .  
Wet magnes ium s c r u b b i n g  a n d  c a t a l y t i c  o x i d a t i o n  
p r o c e s s e s  a r e  more  a t t r a c t i v e  s i n c e  a c o m m e r c i a l  
p r o d u c t  - s u l p h u r i c  a c ' i d  - is  t h e  u l t i m a t e  b y - p r o d u c t ,  t h u s  
a v o i d i n g  t h e  w a s t e  d i s p o s a l  p r o b l e m .  The  p r o c e s s  is  
g e n e r a l l y  e x p e c t e d  t o  b e  more e x p e n s i v e  t h a n  l i m e / l i m e s t o n e  
s c r u b b i n g .  The  c o s t  o f  t h e s e  s y s t e m s  is e s ' t i m a t e d  t o  b e  
a r o u n d  2-4 m i l l s / k W h .  [ 2 0 ]  
D e s u l _ ~ h u r i s a t i o n  --- ---- - o f  - o i l  - a n d  - c o a l  
B y - p r o d u c t  r e c o v e r y  f r o m  o r  c l e a n s i n g  o f  t h e  s t a c k  
g a s e s  is a  v i a b l e  a l t e r n a t i v e  o n l y  f o r  l a r g e  c e n t r a l i s e d  
p r o c e s s e s .  I n  t h e  a b s e n c e  o f  d i s t r i c t  h e a t i n g  s y s t e m s  ( i . e .  
f o r  a r e a s  w i t h  low e n e r g y  d e n s i t i e s ) ,  t h e  u s e  o f  f u e l  o i l ,  
a n d  i n  some c a s e s  c o a l ,  t o  p r o v i d e  s p a c e  a n d  w a t e r  h e a t i n g  
f o r  r e s i d e n t i a l  a n d  c o m m e r c i a l  c o n s u m e r s  is l i k e l y  t o  r e t a i n  
a n  i m p o r t a n t  r o l e .  B u t  as  was  p o i n t e d  o u t  e a r l i e r ,  t h e  
c o n t r i b u t i o n  o f  d e c e n t r a l i s e d  a r e a  s o u r c e s  o f  e m i s s i o n s  t o  
a m b i e n t  c o n c e n t r a t i o n s  is much h i g h e r  t h a n  f o r  c e n t r a l i s e d  
p l a n t s .  I n  t a k i n g  t h i s  i n t o  a c c o u n t  i t  c a n  b e  s e e n  t h a t  t h e  
e m i s s i o n s  o f  t h e s e  d e c e n t r a l i s e d  t e c h n o l o g i e s  s h o u l d  r e c e i v e  
s p e c i a l  a t t e n t i o n .  The  o n l y  p r a c t i c a l  way o f  c o n t r o l l i n g  
t h e s e  e m i s s i o n s  is t o  i m p o s e  i n p u t  s t a n d a r d s  o n  t h e  q u a l i t y  
of f u e l .  
D e s u l p h u r i s a t i o n  o f  c r u d e  o i l :  D e s u l p h u r i s a t i o n  is  now 
-- ------- - -- -
b e c o m i n g  s t a n d a r d  p r a c t i c e  i n  many c o u n t r i e s ,  r e s i d u a l  f u e l  
d e s u l p h u r i s e d  t o  1% s u l p h u r  b y  w e i g h t  b e i n g  a s s u m e d  by m o s t  
c o u n t r i e s .  T h e  c o s t  o f  a c h i e v i n g  t h i s  is d e p e n d e n t  o n  t h e  
s u l p h u r  c o n t e n t  o f  t h e  c r u d e  o i l .  
T h e  m a i n  d e s u l p h u r i s a t i o n  t e c h n i q u e s  - c o m m e r c i a l l y  
p r o v e n  p r o c e s s e s  - i n v o l v e  h y d r o g e n  r e a c t i n g  w i t h  s u l p h u r  i n  
t h e  p r e s e n c e  o f  c a t a l y s t s .  I n  some p r o c e s s e s  t h e  r e s i d u u m  
is v a c u u m - d i s t i l l e d  a n d  t h e  d i s t i l l a t e  d e s u l p h u r i s e d  t o  l e s s  
t h a n  0 .1% s u l p h u r .  T h i s  o i l  is t h e n  b a c k - b l e n d e d  t o  g i v e  a  
p r o d u c t  o f  t h e  d e s i r e d  s u l p h u r  c o n t e n t .  The  u l t i m a t e  by- 
p r o d u c t  is e l e m e n t a l  s u l p h u r .  
D e s u l p h u r  i s a t  i o n  o f  c o a l :  BY m e c h a n i c a l l y  
d e s u l p h u r i s i n g  c o a l -  it h a s  b e e n  shown t h a t  t h e r e  a r e  many 
r e s e r v e s  o f  c o a l  w h i c h  c a n  b e  d e e p  c l e a n e d  t o  less  t h a n  1% 
p y r i t i c  s u l p h u r  c o n t e n t  by w e i g h t .  F e r r e l l  c o n c l u d e s  t h a t  
t h i s  p r o c e s s  [ 2 1 ]  i s  a t t r a c t i v e  f o r  t h e  USA, e s p e c i a l l y  when 
u s e d  i n  c o m b i n a t i o n  w i t h  p a r t i a l  f l u e  g a s  c l e a n i n g .  
F l u i d i s e d  bed c o m b u s t i o n  and c o m b i n e d  c y c l e s  
- - -- - --- - -- - - 
T h e s e  p r o c e s s e s  - n o t  s o  much a b a t e m e n t  t e c h n i q u e s  b u t  
r a t h e r  new t e c h n o l o g i e s  - c o n s i s t  o f  b u r n i n g  f u e l  ( c o a l  o r  
f u e l  o i l )  o n  a  n o n - c o m b u s t i b l e  bed c o n s i s t i n g  o f  l i m e s t o n e  
o r  d o l o m i t i c  p a r t i c l e s .  Upwards o f  9 0 %  o f  t h e  s u l p h u r  i n  
t h e  f u e l  is r e t a i n e d  i n  t h e  bed and  d u e  t o  l o w e r  c o m b u s t i o n  
t e m p e r a t u r e s  t h e r e  is a l s o  a r e d u c t i o n  i n  t h e  e m i s s i o n  o f  
n i t r o g e n  o x i d e s .  
G a s i f i c a t i o n  a n d  l i q u e f a c t i o n  o f  coal  
- - -- -- - - -- - - - -- - - -- - - 
The g a s i f i c a t i o n  ( a n d  l i q u e f a c t i o n )  o f  c o a l ,  p o s s i b l y  
i n  c o m b i n a t i o n  w i t h  p r o c e s s  h e a t  f r o m  n u c l e a r  r e a c t o r s ,  h a s  
a l r e a d y  b e e n  m e n t i o n e d .  Bo tn  s u l p h u r  a n d  p a r t i c u l a t e s  c a n  
b e  removed f r o m  t h e  s m a l l e r  volume of g a s  more  e c o n o m i c a l l y  
t h a n  f r o m  t h e  l a r g e r  v o l u m e s  o f  c o m b u s t i o n  f l u e  g a s .  Not 
o n l y  i s  t h e  s u l p h u r  c o n t e n t  p e r  c a l o r i f i c  v a l u e  l o w e r ,  b u t  
h i g h e r  c o n v e r s i o n  e f f i c i e n c i e s  a r e  g e n e r a l l y  a c h i e v e d  by 
u s i n g  g a s  r a t h e r  t h a n  c o a l .  
A b a t e m e n t  i n  MESSAGE 
-- - - -. -- .- 
G e n e r a l l y ,  a b a t e m e n t  t e c h n o l o g i e s  a r e  i n c l u d e d  i n  
MESSAGE by d e f i n i n g  a  new c o n v e r s i o n  t e c h n o l o g y  f o r  e a c h  
a b a t e m e n t  t e c h n i q u e  c o n s i d e r e d .  F o r  i n s t a n c e ,  i n  a d d i t i o n  
t o  a  c o n v e n t i o n a l  c o a l  power p l a n t  w e  d e f i n e  a  c o a l  power 
p l a n t  w i t h  l i m e s t o n e  s c r u b b i n g .  T h e o r e t i c a l l y  w e  c o u l d  
d e f i n e  a s  many new t e c h n i q u e s  a s  t h e r e  a r e  a b a t i o n  
t e c h n i q u e s .  I n  p r a c t i c e ,  o n l y  t h e  m o s t  p r o m i s i n g  t e c h n i q u e  
f o r  e a c h  c o n v e n t i o n a l  c o n v e r s i o n  t e c h n o l o g y  is i n c l u d e d  i n  
t h e  mode l  p l u s  t h e  new t e c h n o l o g i e s  s u c h  a s  f l u i d i s e d  bed 
c o m b u s t i o n  a n d  combined  c y c l e s .  
A d i f f e r e n t  a p p r o a c h  is a d a p t e d  f o r  t h e  
d e s u l p h u r i s a t i o n  o f  f u e l s  a n d  t h e  t e c h n o l o g i e s  w h i c h  u s e  
e i t h e r  t h e s e  " c l e a n e d "  o r  s y n t h e t i c  f u e l s .  A 
d e s u l p h u r i s a t i o n  t e c h n o l o g y  c a n  b e  d e f i n e d  which  takes  
n a t u r a l  f u e l  a s  t h e  i n p u t  and p r o d u c e s  f u e l  w i t h  l o w e r  
s u l p h u r  c o n t e n t .  S i n c e  t h e  same c o n v e r s i o n  t e c h n o l o g y  c a n  
u s e  e i t h e r  t h e  c l e a n  o r  d i r t y  f u e l ,  a  s i m i l a r  a p p r o a c h  c a n  
be  a d o p t e d  t o  t h e  way i n  which  t h e  j o i n t  p r o d u c t i o n  o f  
e l e c t r i c i t y  a n d  d i s t r i c t  h e a t  is m o d e l l e d ,  i .e .  two modes o f  
o p e r a t i n g  t h e  p l a n t  are  d e f i n e d ,  o n e  mode u s i n g  d i r t y ,  t h e  
o t h e r  c l e a n  f u e l  i n p u t .  A l l o w i n g  f o r  t h i s  p o s s i b l i t y  is ,  o f  
c o u r s e ,  e s p e c i a l l y  i m p o r t a n t  i n  t h e  d e c e n t r a l i s e d  c o n v e r s i o n  
a n d  e n d - u s e  s e c t o r  where  t h e  c o n t r i b u t i o n s  t o  a m b i e n t  
c o n c e n t r a t i o n s  are v e r y  much h i g h e r  r e l a t i v e  t o  e m i s s i o n s .  
E n v i r o n m e n t a l  c o n s t r a i n t s  
-- 
G e n e r a l l y  t h e  i m p a c t s  o u t l i d e d  a b o v e  c a n  be  c o n s t r a i n e d  
be low some d e s i r e d  maximum ( s t a n d a r d )  o r ,  s u i t a b l y  w e i g h t e d ,  
t h e y  c a n  b e  i n c l u d e d  i n  t h e  o b j e c t i v e  f u n c t i o n .  B o t h  
p o s s i b i l i t i e s  i m p l y  t h a t  h e r o i c  v a l u e  j u d g e m e n t s  be made. 
S i n c e  no two  p e o p l e  w i l l  a g r e e  on t h e  v a l u a t i o n  o f  s u c h  
t h i n g s  as t h e  " v a l u e "  o f  l i f e  t h e  o n l y  a p p r o a c h  p o s s i b l e  is 
t o  c a r r y  o u t  e x t e n s i v e  s e n s i t i v i t y  a n a l y s i s  a r o u n d  t h e  c o s t  
o p t i m a l  minimum. A s  t h e  e n v i r o n m e n t a l  c o n s t r a i n t s  a r e  
t i g h t e n e d  ( o r  t h e  w e i g h t s  i n  t h e  c o m p o s i t e  o b j e c t i v e  
f u n c t i o n  i n c r e a s e d )  e i t h e r  a b a t e m e n t  c o n t r o l l e d  t e c h n o l o g i e s  
a r e  drawn i n t o  t h e  s o l u t i o n  o r  t h e r e  is a  move f rom " d i r t y "  
t o  " c l e a n "  t e c h n o l o g i e s .  
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. A P Y E L ~ D I X :  G l o s s a r y  -- of  t e r m s  
P r imary  e n e r g y  The e n e r g y  o c c u r  i n g  n a t u r a l l y ,  b o t h  
r  e n e w a ~ l e  r e s o u r c e s  s u c h  a s  s o l a r  
r a d i a t i o n  and non-renewable  r e s o u r c e s  s u c h  
a s  f o s s i l  and f i s s i o n a b l e  m a t e r i a l .  
Seconda ry  e n e r g y  Hef ined  and/or  c o n v e r t e d  p r i m a r y  e n e r g y  
( e  .g. e l e c t r i c i t y  and g a s o l i n e  produced 
from c o a l  and .crude o i l ,  r e s p e c t i v e l y )  b u t  
a l s o  non-conver t e d  p r i m a r y  e n e r g y  t h a t  c a n  
be used  d i r e c t l y  by t h e  f i n a l  u s e r .  
F i n a l  e n e r g y  Tne seconda ry  e n e r g y  r ema in ing  a f t e r  
t r a n s m i s s i o n ,  s t o r a g e  and d i s t r i b u t i o n  
which is  d e l i v e r e d  t o  t h e  f i n a l  u s e r .  
P i n a l  e n e r g y  is  t n e n  c o n v e r t e d  by end-use 
( i .e .  l o c a l  c o n v e r s i o n )  d e v i c e s  t o  s a t i s f y  
t h e  demand t o r  u s e f u l  ene rgy .  
Use fu l  e n e r g y  line e n e r g y  i n  t e r m s  o f  u s e f u l  h e a t ,  l i g h t ,  
mecnan ica l  power,  e t c .  needed t o  p r o v i d e  
a  l e v e l  o f  s e r v i c e  t o  t h e  f i n a l  u s e r ,  e .g .  
t h e  h e a t  r e q u i r e d  t o  warm a  room o r  t h e  
mechan ica l  power r e q u i r e d  t o  t u r n  a  l a t h e .  
Load r e g i o n  The l e v e l  o f  demand f o r  e n e r g y  e x h i b i t s  
p e r i o d i c  f l u c t u a t i o n s ,  b o t h  s e a s o n a l  and 
d a i l y .  The l o a d  r e g i o n  is  t h e  f r a c t i o n  of 
t n e  t i m e  p e r i o d  d u r i n g  which t h e  demand 
f o r  e n e r g y  is t a k e n  t o  be  c o n s t a n t ,  i .e .  
t n e  l o a d  r e g i o n s  w i l l  be t y p i c a l l y  
l a b e l l e d  a s  peak ,  i n t e r m e d i a t e  and o f f -  
peak.  
Load d e n s i t y  The r a t i o  o f  e n e r g y  demand t o  a r e a ,  which 
is  c l o s e l y  r e l a t e d  t o  p o p u l a t i o n  d e n s i t y  
o r  t h e  i n t e n s i t y  o f  i n d u s t r i a l  a c t i v i t y  
p e r  a r e a .  
